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~ method for the determination of interatomic 
distances in single molecules is applied to ortho and para- 
dichlorbenzene. Results with monochlorbenzene are used 
to correct the scattering curves so as to isolate the CI—Cl 
scattering. The resulting Cl—Cl curvesshow good agreement 


with theoretical curves constructed for distances of 3.0 
and 6.25A, respectively. The measurements indicate a 
plane hexagonal benzene molecule with the chlorine atoms 
lying in or near the plane. 


T has previously been shown! that the positions 
of peaks in the x-ray scattering curves for 
ortho and para-dichlorbenzene agree with those 
in theoretical curves constructed according to 
Debye’s theory.? Work of a more quantitative 
nature has since been in progress and the results 
may now be reported. 


EXPERIMENTAL 


A diagram of the scattering camera is shown in 
Fig. 1. The substance under investigation is 
heated in the vaporizer B to a temperature some- 
what below its boiling point and the vapor carried 
into the scattering chamber C by a slow current 
of dry hydrogen. This permits vaporization at a 
temperature below the softening point of solder 
(170°) and minimizes decomposition of high boil- 
ing samples. The scattering chamber is heated 
about 15° above the temperature in B. X-rays 
passing through the slits S;S_ enter the scattering 
chamber at the front window and scattered 
rays pass through the upper window to the film. 


1 Pierce, Phys. Rev. 43, 145 (1933). 

*For a complete discussion of the theory and experi- 
mental methods see Bewilogua, Phys. Zeits. 32, 265 
(1931). 


Both windows are sealed by thin nickel foil sol- 
dered to the brass container. That over the upper 
window is bent in a semicircle in order to avoid 
angular variation of absorption and it serves in 
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Fic. 1. Gas scattering apparatus. 


addition as a filter for the copper radiation used. 
(It is essential that the filter lie between the 
scatterer and the film because the fluorescence of 
the scattering atoms would otherwise obscure 
interference phenomena.) The thin nickel foil is 
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prepared by electrolysis of a buffered nickel sul- 
fate solution with a molybdenum cathode.’ 

A copper target demountable tube is used as 
the source of radiation. At 30 kv and 25 m.a. an 
exposure time of two to six hours is sufficient. 
The effect of general radiation is only slightly 
greater at this voltage than at 20 kv and the 
higher voltage is used because of the great gain in 
intensity. The relation between photographic 
blackening and intensity of radiation is deter- 
mined separately for each film by test spots. 
These are made by a series of accurately timed 
exposures for a piece of the same film as the ex- 
periment. The two parts of the film are developed 
simultaneously in a tank. Radiation scattered at 
90° from a copper block was used for making the 
test spots. 

Blackening is determined by a photoelectric 
microphotometer, available through the courtesy 
of Dr. Elmer Dershem of the Department of 
Physics, University of Chicago. Experimental 
film and test spots are measured under identical 
conditions and a curve of blackening vs. intensity 
is constructed for the test spots. Blackening 


3 Kersten, Rev. Sci. Inst, 2, 649 (1931). 
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Fic. 2. A, corrected scattering of CCl,. (Solid curve, experimental; dotted curve, Bewilogua.) B, photometer 
readings for a typical film. C, intensity-blackening curve for film of 2B. 
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values for the experiment are then read off as 
intensity values from this curve. Results for a 
portion of a film for carbon tetrachloride are 
shown in Fig. 2. B gives the original photometer 
readings in seconds for 1 mm intervals along the 
film and C is the test spot curve. A shows the 
intensity, corrected for polarization by dividing 
values at each angle by (1+ cos? ¢)/2, as a 
function of (sin ¢/2)/d. Bewilogua’s® values are 
shown for comparison as the dotted curve. The 
general agreement in the position of the inflection 
points is good, but the intensity values are not so 
good as those found by Bewilogua. Considerable 
time was spent in attempting to improve the 
precision of the intensity measurements. Results 
were very reproducible in a given blackening 
range, but perfect agreement could not be ob- 
tained for films of widely different photographic 
blackening and the source of error was not lo- 
cated. This however does not greatly affect the 
results of the present experiments because no 
maxima are introduced into the scattering curve 
by the error. It does render the results in the 
vicinity of ¢ = 90° somewhat uncertain because in 
making the correction for polarization the factor 


. changes most rapidly there and slight errors in 
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the intensity aaa ‘are magnified. Absence of 
stray scattering from the camera was proven by 
an experiment with hydrogen gas. At double the 
normal exposure time very little blackening was 
obtained. 

Average intensity-angle curves are shown in 
Fig. 3 for carbon tetrachloride, monochlorben- 
zene, ortho and para-dichlorbenzene. All are 
drawn to the same scale but the zero positions 
are displaced as indicated. 


TREATMENT OF RESULTS 


The coherent scattering of single molecules 
may be calculated by the Debye equation 


1+cos?¢@ 
Iga Dd FiF; sin 
2 1 1 


where x;;= (47 dj; sin ¢/2)/d, di; is the distance 
from the i-th to the j-th atom, F is the atomic 
form factor or structure factor, and (1+ cos? ¢)/2 
is the polarization factor. The general method 
for determining distances d;; is to compare experi- 
mental intensity curves with theoretical curves 
drawn by use of the above equation but this 
method does not afford a simple and unique solu- 
tion for such complex molecules as the dichlor- 
benzenes because of the large number of factors 
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Fic. 3. Experimental intensity curves. 


involved. This is shown in Fig. 4 which gives the 
theoretical intensity curve for each of the com- 
ponents of para-dichlorbenzene. The various 
scattering curves for the coherent scattering are 
calculated from the equations: 


Ic-c 1+2 


Xo 1.73x9 


sin x1 1.54%; 
+2 sin 


= 4FoFo 
x1 1.54%; 


+2 sin 


+2 si 


| dy =do_c = 1.4A, 
2x0 


2.27x, sin 2.55x; 
n > 
2.27x,  2.55m 


| d;=de_ci = 1.8A, 


= 2 1 +(sin x2) /x2]; de =6.0A. 


F and (sin x)/x values were obtained respectively 
from James and Brindley’st and Bauer’s® tables. 
The incoherent scattering is mainly due to that 
of the benzene and may be calculated by the 
method of Heisenberg-Bewilogua.® The curve of 
Fig. 4 is the one given by Bewilogua for benzene. 


‘ James and Brindley, Phil. Mag. 12, 81 (1931). 

5 Bauer, J. Opt. Soc. Am. 22, 537 (1932). 

° Heisenberg, Phys. Zeits. 32, 737 (1931). Bewilogua, 
Phys. Zeits. 32, 740 (1931). 


Inspection of Fig. 4 shows that the scattering 
is largely determined by the Cl—Cl curve but it 
is somewhat modified by the C—C and less by 
the C—Cl curves. This suggests a simple method 
for isolating the Cl— Cl curve by subtracting from 
the total the C—C, C—Cl and incoherent scat- 
tering. A combined subtraction curve containing 
the effects of all three may be made either from 
the theoretical curves of Fig. 4 or experimentally 
from the scattering of monochlorbenzene. The 
latter method was thought best because fewer as- 
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Fic. 4. Theoretical scattering of p-dichlorbenzene. 
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Fic. 5. Construction of correction curve from the scattering 
of monochlorbenzene. 


sumptions are involved and the correction curve 
was constructed as shown in Fig. 5. Experimental 
scattering was determined for monochlorbenzene 
and the values arbitrarily equated at one point to 
a theoretical scattering curve similar to the one 
of Fig. 4. Subtraction of James and Brindley’s 
F’«, values from this curve leaves a correction 
curve containing the C—C, C—Cl and incoher- 
ent scattering. The C—Cl term occurs only one- 
half as much in this as in the dichlorbenzenes, 
but the influence of this term is so small that the 
discrepancy may be neglected. 

Cl—Cl curves for ortho and_ para-dichlor- 
benzene are obtained by subtracting the correc- 
tion curve from the respective total scattering 
curves. These are arbitrarily set at intensity 
values corresponding to the values of Fig. 4 for 
the theoretical para-dichlorbenzene curves. The 
derived Cl—Cl curves are shown as the lower 
curves of Fig. 6. Corresponding theoretical curves 
for appropriate distances are shown in the upper 
curves. Comparison of the two give Cl—Cl dis- 
tances of 3.0 and 6.25A, respectively. Identifica- 
tion may be made at the first and second theoret- 
ical maxima for ortho and the second and third 
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_Fic. 6. Corrected CI—Cl scattering of ortho and para- 
dichlorbenzene (lower curves). Theoretical Cl—Cl scatter- 


ing (upper curves). 
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for para. The first para peak could not be experi- 
mentally determined with radiation of the wave- 
length used. As previously mentioned no signifi- 
cance can be attached to small fluctuations in the 
intensity curves at large angle values but the 
major peaks at which the comparisons are made 
may be recognized even in the original photom- 
eter curves before any corrections are made. 
The Cl—Cl distances thus measured do not 
depend on any assumptions regarding the struc- 
ture of the benzene molecule except that the 
C—C and C—Cl scattering is the same in mono- 
and dichlorbenzene. It is therefore only necessary 
to seek for a structure for benzene that will permit 
the Cl atoms to lie 3.0 and 6.25A apart. If C—C 
and C—Cl distances of 1.4 and 1.8A are assumed 
the measured CI—Cl distances are best ac- 
counted for by a plane hexagonal benzene mole- 
cule with the Cl atoms lying on valence lines in or 
near the plane of the ring. This model gives calcu- 
lated values of 3.2 and 6.4A which agree within 
experimental error with the values found. The 
result for para-dichlorbenzene is in agreement 
with the crystallographic measurements of 
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Hendricks.’ He finds that the intramolecular 
Cl—Cl distance in the solid compound is 6.20A. 

Hendricks, Maxwell, Mosley and Jefferson*® 
have recently reported measurements with elec- 
tron diffraction from the di-iodobenzenes. Their 
results are in line with the present ones except 
for ortho-di-iodobenzene. They find that the 
ortho-iodine atoms mutually repel one another to 
positions about 10° from the valence angles. The 
precision of the present work is not as high as 
that obtained for the iodine compounds and it is 
possible that an effect of this sort might escape 
detection. However, since the measured value is 
smaller rather than larger than the calculated one 
it seems doubtful if this mutual repulsion exists 
in the chlorine compounds. The smaller value 
might be accounted for by a slight displacement 
of the Cl atoms from the plane of the ring. The 
general agreement in the two methods imparts 
confidence in the results and in their interpre- 
tations. 


7 Hendricks, Zeits. f. Krist. 84, 85 (1932). 


8 Hendricks, Maxwell, Mosley and Jefferson, J. Chem. 
Phys. 1, 549 (1933). 
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The Influence of Foreign Gases on the Intensity of Infrared Absorption 


Paut C. Cross AND FARRINGTON DANIELS, Laboratory of Physical Chemistry, University of Wisconsin 
(Received November 15, 1933) 


Measurements have been made on the effect of helium, 
argon, oxygen, nitrogen, ethane, carbon dioxide and 
hydrogen on the maximum absorption by nitrous oxide in 
the region of 4.54, by using a spectrometer of low resolving 
power. Some measurements have also been made with 
carbon monoxide and ethyl bromide as the absorbing gases. 
Relative ‘optical’ collision diameters, calculated on the 


postulate that the mean free paths are equal in gas mixtures 
having the same relative absorption coefficients, show a 
linear relationship with the gas-kinetic diameters as de- 
termined by viscosity measurements. The applicability of 
Beer’s law is discussed in connection with the use of infra- 
red absorption measurements as a means of analysis. 


HE effect of foreign gases in increasing the 
infrared absorption of a given amount of 
absorbing gas was first investigated by Ang- 
strom.! von Bahr? extended the study with 
measurements which indicated that the intensity 
was the same function of the total pressure for 
all foreign gases. Hertz’ found that there was a 
difference in the effects of hydrogen and air on 
the intensity of the absorption by carbon dioxide. 
The present investigation was undertaken in 
order to obtain a quantitative measure of the 
effect of various non-absorbing gases on the in- 
tensity of the maximum absorption of certain 
unresolved bands in the infrared. 

Nitrous oxide was selected as one of the ab- 
sorbing gases because the effect of foreign gases 
on its thermal decomposition had been investi- 
gated by Volmer and his co-workers.‘ Their re- 
sults showed that there is a wide variation in the 
effective cross sections of the foreign gas mole- 
cules for an activation collision, and that these 
cross sections are not related to the gas kinetic 
cross sections. It seemed important to determine 
whether the effective cross sections of foreign 
gases for increasing infrared absorption are re- 
lated to the effective diameters for chemical 


11, Angstrom, Ark. f. Math., Astron. och Fys. 30 
(1908). 

2E. v. Bahr, Ann. d. Physik 29, 780 (1909); 33, 585 
(1910); Verh. d. D. Phys. Ges. 15, 673 and 710 (1913). 

3G. Hertz, Verh. d. D. Phys. Ges. 13, 617 (1911). 

4M. Volmer and H. Froehlich, Zeits. f. physik. Chemie 
19, 89 (1932). M. Volmer and H. Kummerovw, Zeits. f. 
physik. Chemie 9, 141 (1930). 


activation, or to the gas kinetic diameters, or to 
neither. The results show that they are related 
to the gas kinetic diameters. 

Measurements were also made with carbon 
monoxide and ethyl bromide as the absorbing 
gases. The foreign gases were helium, argon, 
oxygen, nitrogen, ethane, carbon dioxide and 
hydrogen. 


APPARATUS 


A rocksalt prism spectrometer having a 
Wadsworth mounting of prism and plane mirror 
was used. The intensities were measured with a 
thermopile-galvanometer circuit, taking the av- 
erage of several galvanometer deflections at each 
setting of the spectrometer table. As the galvan- 
ometer was of the Paschen type, it had the dis- 
advantage that the deflection was not a linear 
function of the current from the thermopile. The 
amount of the deviation from linearity depended 
upon the sensitivity, and since the sensitivity 
varied from day to day, it was necessary to devise 
a method of calibration which was simple enough 
to enable its application with each set of data. 

Two light sources were arranged so that they 
could shine either separately or simultaneously 
on the thermopile slit. Measurements of the 
deflections produced by the separate and com- 
bined sources indicated that the corrections to be 
added to the observed deflections to obtain values 
which were proportional to the intensity could 
be represented quite accurately by a parabolic 
function of the deflection. The unit of intensity 
was selected as one-two hundredth of a 200 mm 
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deflection on a scale 3 meters from the galvanom- 
eter. The deflection, d, produced by the simul- 
taneous illumination of the thermopile slit by 
the two lights which separately gave deflections 
of 200 mm was measured. Then 


y = (400 —d) (x? — 200x) /(d?— 200d), 


where x is the observed deflection and y is the 
correction to be added. Plots of y as a function of 
x were made for a series of values of d. A deter- 
mination of d was made with each set of data and 
the corrections taken from the appropriate curve. 
Readings taken with various combinations of in- 
tensity of the two light sources showed that the 
deviations of the corrected values from linearity 
were of the same order of magnitude as the devia- 
tions due to the experimental error in the reading 
of the galvanometer deflections. The correspond- 
ing error in the transmission is less than one per- 
cent under the experimental conditions employed. 

The absorption cell was in two compartments, 
2 cm and 18 cm in length. The transmission was 
first measured with a certain pressure of gas in 
the 2 cm compartment, then with one-tenth the 
original pressure in the entire cell. Following this 
determination, transmissions wére measured 
after the addition of various amounts of foreign 
gas. Thus in all cases the number of absorbing 
molecules (or the path length, x= length of cell 
in centimeters < pressure of gas in atmospheres, 
at a specified temperature) was constant and the 
observed variations in the absorption were func- 
tions of the environment of the absorbing mole- 
cules. It was found best to work with pressures 
such that the transmission was between 20 per- 
cent and 60 percent. The path lengths employed 
were 0.526 cm atm. for the NO band at 4.5u4 and 
2.63 cm atm. for the CO band at 4.66un, 


TABLE I. Relative absorption coefficients. 


For- Total pressure (mm of mercury) 

eign NO (partial pressure = 20 CO (partial pres- 

gas mm) sure = 100 mm) 
50 100 200 400 700 200 400 700 

He 1.39 1.87 2.44 3.06 3.56 1.32 1.74 2.21 

A 1.41 1.86 2.44 

O; 1.42 1.87 2.47 3.13 3.58 1.32 1.77 2.23 

Ne 1.44 1.93 2.56 1.36 1.85 2.39 

C:He 1.48 2.03 2.69 1.41 1.91 2.52 

(N20) 2.8 

Oz 1.53 2.07 2.87 

2 1.57 2.19 2.91 3.53 3.85 1.45 2.01 2.59 


(T =298°K). Under these conditions the enhance- 
ment produced in the absorption by the addition 
of a foreign gas was sufficient to enable its quanti- 
tative determination. Measurement of the trans- 
missions of the compressed gas in the 2 cm com- 
partment was omitted in the carbon monoxide 
experiments since the cell was not constructed to 
withstand pressures greater than one atmosphere. 


EXPERIMENTAL RESULTS 


The results are given in Table I. The “relative 
absorption coefficient” is the ratio of the ob- 
served absorption coefficient as calculated by 
Eq. (2) to that of the pure absorbing gas before 
the addition of the foreign gas. Most of the added 
gases were transparent but corrections were ap- 
plied for the slight absorptions of carbon dioxide 
and ethane in the regions being investigated. The 
value 2.8 for N2O is the ratio of the observed ab- 
sorption coefficient for N2O at 200 mm pressure 
in the 2 cm cell to the coefficient for N.O at 20 
mm pressure in the 20 cm cell. 

The effect of the various gases on the absorp- 
tion of nitrous oxide is shown graphically in Fig. 1. 

Additional experiments were carried out on 
gaseous ethyl bromide. In no case did the addi- 
tion of a transparent foreign gas affect the infra- 
red absorption by ethyl bromide. The measure- 
ments were carried down to 10 mm of ethyl 
bromide, and one atmosphere of the foreign gas. 


DISCUSSION 


If a, is the absorption coefficient for light of 
frequency », the intensity J, of the light of this 
frequency which is transmitted through / cm of 
the absorbing gas at a pressure of » mm of 
mercury is given by the relation 


Re 


where J,° is the incident intensity of the light of 
frequency v. It is assumed throughout this dis- 
cussion that the temperature is not varied. 

In actual practice, measurements of transmis- 
sion are always made on a range of frequencies 
from v to v+Ay», and T, the fraction of the energy 
transmitted, becomes 


Av v+Av 
T= / f (1) 
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It can readily be seen from this formula that the 
apparent absorption coefficient a’ as determined 
from the experimental measurements of 7, 


a’ =(1/lp)-In (1/T) (2) 


will not be a constant unless a, is independent 


of /p and has the same value for all frequencies 
from v to v+Av. Many infrared bands possess a 
fine structure of such separation that a, varies 
over a wide range between the frequencies v and 
v+Ay, and thus one would expect deviations from 
Beer’s law as the product /p is varied. Further- 
more, the values of a’ will vary with p even 
though the product /p is held constant because 
the nature of the function a, =f(v) depends upon 
the pressure. The absence of a pressure effect on 
the ethyl bromide bands may be attributed to the 
fact that their fine structure components overlap 
so much that a, is nearly constant over small 
frequency ranges. 

Dennison* has been quite successful in explain- 
ing experimentally observed absorption intensi- 
ties on the assumption that the nature of a, =f(v) 
is determined essentially by the limitation of the 
length of the wave trains which may be absorbed 
by the molecules. This limitation is caused by 
the approach of another molecule to a distance 
sufficiently close to alter the phase of the absorb- 
ing molecule. The effective diameter of a mole- 
cule for this type of collision was found to be 
larger than the gas kinetic diameter, but is of the 
same order of magnitude.® 

Let Dax, Day and Day, represent the distance 
between the centers of the molecule of absorbing 
gas, A, and the foreign gas molecules X, Y and 
Ne, respectively, at which a change in phase of 
the absorbing molecule is effected. Making the 
postulate that the mean free path of the absorb- 
ing molecule is the same in all gas mixtures 
which have the same relative absorption coeffi- 
cient, one may readily calculate the ratio 
Dax/Day from the experimental data. The equa- 
tion for the mean free path, A, of the absorbing 
gas molecule is 


1/A = (2) 44 
(3) 
5 D, M. Dennison, Phys. Rev. 31, 503 (1928). 


®For a general discussion of the breadth of spectral 
lines see V. Weisskopf, Phys. Zeits. 34, 1 (1933). 


where D4, is the “‘optical’”’ diameter of the N2O 
molecule, the n’s are the number of the molecules 
per cc, and the m’s are their masses. Equating 
the mean free paths in two systems having equal 
relative absorption coefficients, one obtains the 
ratio 


Dax/Day 
= }* 


= (py/px)*LMx(Ma+ My)/ 
My(Ma+Mx)]}', (4) 


where px and py are the equivalent partial pres- 
sures of the foreign gases as obtained from the 
intercepts of horizontal lines with the respective 
curves of plots such as shown in Fig. 1, and My 
and My are the molecular weights. Ratios ob- 
tained with the use of Eq. (4) are given in the 
second and third columns of Table II. The ef- 
fective distances of approach of the foreign gases 
are referred to that of nitrogen. The values given 
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Relative Absor 


Fic. 1. Influence of pressure on relative absorption co- 
efficients at 4.504 of nitrous oxide (partial pressure 
=20 mm). 


TABLE II. Collision diameter ratios. 


Dax/Dan:z Dxx/Dwyw: 

x A=N,0 A=CO Optical Viscosity 
He 0.63 0.64 0.07 0.62 
H. 0.70 0.68 0.24 0.70 
Oz 0.97 0.95 0.93 0.97 
A 0.98 0.95 0.96 
Ne 1.00 1.00 1.00 1.00 
C.He 1.09 1.07 1.23 
N:O | 1.53 1.22 
CO, Ruse 1.58 1.20 
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are averages of the values obtained from the 
equivalent pressures at the relative absorption 
coefficients 2.8 and 2.32 on the N.O curves and 
2.3 and 1.9 on the CO curves. All the separate 
values are within 0.01 of the average. 

Let Dy,o, Dy,, etc., represent the optical col- 
lision radii. Then the data on the effect of ni- 
trogen and nitrous oxide itself on the absorp- 
tion coefficient of nitrous oxide show that 
= or 0.79D x0 = 1.21Dx, 
whence, Dy,o, x,o/Dw,, x, = 1.53. The ratios of the 
optical diameters of the various gases to that of 
nitrogen are given in column 4 of Table II. The 
corresponding ratios of the molecular diameters 
obtained from viscosity measurements are given 
in the last column for comparison.’ 

The ratios in the last two columns are plotted 
against each other in Fig. 2. There appears to bea 
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From measurements of the absorption of mix- 
tures of carbon monoxide and air at a total pres- 
sure of one atmosphere and very low partial 
pressures of carbon monoxide, Matheson® found 
Deo air to be 5.5A. If this value is assumed for 
the diameter of the Ne molecule, the provisional 
values shown in Table III are obtained for the 
optical diameters.'° 


TABLE III. Optical collision diameters (Angstroms). 


He 0.4 N2 
1.4 CoH, 6.8 
On» 5.1 8.4 
A 5.2 8.7 


Sufficient data on other absorbing gases are 
not available to determine whether or not these 
diameters are the same for all systems. It also 
remains to be seen whether or not the same values 
are obtained from the variation of absorption 
intensity with temperature. 

Approximate effective collision diameters for 
the thermal activation or deactivation of nitrous 
oxide by foreign gases may be deduced from their 
effect upon the decomposition rate of nitrous 
oxide. These diameters also vary over a wide 


0 0.4 08 le 1.6 
Dxx/Dyn, (Optical) 


Fic. 2. Relation between “optical’’ diameters and gas- 
kinetic diameters. 


linear relationship between the two types of 
effective diameters even though the optical 
diameters vary over a much wider range than do 
the viscosity diameters. The points are all as 
close to the line as can be expected from the ac- 
curacy in the determination of either type of 
ratio. Similar data on larger molecules and on 
molecules possessing electric moments are neces- 
sary to fully establish this relationship but it is 
unlikely that agreement with a linear relation- 
ship involving so many gases can be fortuitous. 
The same fundamental molecular property may 
determine both of the effective diameters.® 


7L. B. Loeb, The Kinetic Theory of Gases, p. 529, 
McGraw-Hill Book Co., New York (1927). 

8 Attention may also be called to the apparent agree- 
ment between the ratios D4xD wn. from spectroscopic data 
and Dy/Dy, from viscosity data. If such agreement should 


be substantiated by further data on systems such as those , 
just mentioned, it would seem to imply that the contribu- 
tion of the absorbing molecule A to the effective distance 
of approach in the spectroscopic process may be small in 
comparison with the contribution of the perturbing mole- 
cule, which latter is proportional to the viscosity diameter. 
This would be quite inconsistent with the present theories 
of the nature of the process. Additional confirmation of 
this unusual circumstance would appear to be present in 
the fact that Deope/Dcon, and Deou:/Dcon, are much 
greater than the values calculated from the absolute 
values for the diameters as given in Table III (assuming 
Deo=5.5 Angstroms.) More detailed experiments on 
carbon monoxide would be desirable to establish these 
values since the measurements on carbon monoxide re- 
ported here were not made under the most favorable con- 
ditions. If these values are substantiated it may mean 
that the optical diameters are different in different systems. 

9L. A. Matheson, Phys. Rev. 40, 813 (1932). 

10Since Do./Dx, is nearly 1, Matheson’s data may 
be used for Dcon:. This may then be taken as the diameter 
of the nitrogen molecule because of the isosterism of 
nitrogen and carbon monoxide. Absolute values of the 
optical diameters could have been calculated by a more 
accurate method based on the fine structure data, but the 
experimental data are not sufficiently accurate to justify 
such an elaborate method. 
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range, but there does not appear to be any rela- 
tion between them and the optical or viscosity 
diameters. The chemical activation process is 
much more violent than the optical effect or the 
viscosity effect. It is quite possible then that the 


‘latter effects should be dependent on the size of 


the foreign gas molecules whereas the chemical 
activation might be quite specific. 

The influence of transparent, foreign gases on 
the absorption spectra is of practical importance 
as well as theoretical interest, in the application 
of Beer’s law to the analysis of mixtures. Colori- 
metric methods for analysis, which have been 
successful in the visible, have been used only to a 
slight extent in the infrared." The experimental 
technique is more difficult and more specialized 
but measurements of the intensity of infrared 
absorption should find application in analyzing 


1 Warburg and Leithauser, Ann. d. Physik 28, 315 
(1909), used infrared absorption measurements successfully 
in the analysis of mixtures of the nitrogen oxides. 


mixtures, and in determining equilibrium con- 
stants and reaction rates, provided that Beer’s 
logarithmic relation between intensity of light 
and concentration can be relied on. When the ab- 
sorbing gas shows fine structure the addition of 
the same or another gas broadens the fine- 
structure lines and increases the absorption of a 
beam of light in such a way as to invalidate the 
applicability of Beer’s law. If the fine structure 
has been completely blurred out by many colli- 
sions or if the molecule is so complex as to have 
no fine structure the addition of further gas has 
no effect, and Beer’s law can be applied. The data 
of the present investigation and those of von 
Bahr* show that Beer’s law is applicable to the 
infrared absorption spectra of complex sub- 
stances of high molecular weight but that it is 
applicable to simple diatomic and triatomic gases 
only when the total pressure is sufficiently great. 
The authors are glad to acknowledge the gen- 
erous support of the Wisconsin Alumni Research 
Foundation during this investigation. 
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F. Seitz AND ALBERT SHERMAN,* Princeton University 
(Received October 17, 1933) 


In the secular equations used by Eyring and his school 
the equations are of high order in general. When cognizance 
is taken of the symmetry of the configuration considered 
the secular equation may factor considerably. It is to be 
expected that the wave function for the lowest state will be 
invariant under the group which expresses the symmetry 
of the atomic configuration. This expectation is fulfilled in 
all cases considered. A general method is set forth upon 


which a derivation of such symmetric states may be 
carried out, and the reduced secular equation obtained. 
Several interesting applications of this method are carried 
through, including the case of eight identical orbits, 
centered at the corners of a cube, and eight orbits possessing 
tetrahedral symmetry, as in methane. The vector model is 
discussed and applied to the cases considered. 


§1. INTRODUCTION 


HE problem of determining the lowest 

electronic energy-states associated with a 
given arrangement of atomic nuclei is of con- 
siderable importance for purposes of calculating 
the binding and activation energies of molecules 
and crystal nuclei. On the basis afforded by 
Slater’s' development for the construction of 
approximate wave functions, with which this 
paper is solely concerned,” such calculations have 
been carried out in a number of cases.’ 

In all such work attention is focussed upon a 
number, say 1, of electrons between which inter- 
actions are considered, and all others, for ex- 
ample electrons in closed shells or valence 
electrons involved in bonds that are not appre- 
ciably altered by changes in the variable param- 
eters met with in the problem, are neglected. 
Moreover, all terms which arise from spin in the 
Hamiltonian operator, describing the interactions 
of these m electrons, are generally neglected so 
that spin degeneracy is incurred. Under these 


* National Research Fellow at University of Wisconsin 
(1933-34). 

1Slater, Phys. Rev. 38, 1109 (1931). 

* There are several other viewpoints from which qualita- 
tive investigations of similar problems have been made. 
Most notable are those of Hund, Mulliken and Van 
Vleck. 

3Sherman and Eyring, J. Am. Chem. Soc. 54, 2661 
(1932). Kimball and Eyring, ibid. 54, 3876 (1932). Taylor, 
Eyring and Sherman, J. Chem. Phys. 1, 68 (1933). Pauling 
and Wheland, ibid. 1, 362 (1933). Pauling and Sherman, 
ibid, 1, 606 (1933). 
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conditions the Slater eigenfunctions for the 
electrons are of the forms 


léi(1) 

ag 
(1) 
(n!)4) 

ag lgéi(n) 


where a, b...41 are m one-electron atomic 
orbital eigenfunctions which depend only upon 
the space variables and refer to the same or to 
different atoms. ¢, is the Kronecker delta-function 
5(m,*, o:), where o; is the spin variable of the ith 
electron, and m,*=+3 or —} refers to the z 
component of spin momentum and the integer 
in parenthesis refers to the electron of whose 
variables the product gf, is a function. In the 
following we shall also refer to 6(4, o:) as a(i) 
and 3, as B(z). These eigenfunctions are 
clearly eigenfunctions of the operator S, cor- 
responding to the z component of total spin 
momentum, and although S?, the operator cor- 
responding to the squared magnitude of the 
total spin momentum vector is not diagonal for 
this representation a simple method of specifying 
the proper linear combinations has been given 
by Slater! and more generally by Eyring and 
Kimball,‘ and leads to the concept of bond 
eigenfunctions, arising as follows: 


4 Eyring and Kimball, J. Chem. Phys. 1, 239 (1933). 
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If we consider the entire set of (n+1)mn! 
functions derived from (1) by taking all possible 
arrangements of columns of a and 6 these may 
be divided into +1 sets in each of which func- 
tions possessing an equal number of a’s and f’s 
are gathered so that each set may be assigned a 
definite value of S,. In the set corresponding to 
ka’s there will clearly be n!/k!(n—k)! different’ 
Slater functions, all of which shall be assumed to 
be linearly independent. Now to form an electron 
pair bond, electrons with antiparallel spins must 
be present, whence the bond-forming possi- 
bilities within any given set are the same for all 
functions, and the largest number of possible 
bonds is the smaller of the two quantities k 
and n—k. In any one set a bond function 
associated with the bonds a-b, c-d --- g-h and 
a preassigned value of S. is given by the sum 


dea(J) 5on( J) 


where j ranges over all Slater functions in the 
set and 6,,(7) is a function which is 1 if ¢,(j) =a, 
is —1 if ¢,(7)=6 and ¢,.(j) =a, and is 
zero otherwise. 

These functions possess the important prop- 
erty that S? is diagonal with respect to them and 
different values of S(S+1) are associated with 
functions corresponding to different numbers of 
bonds so that the matrix components in the 
Hamiltonian for the system connecting two of 
these is zero. In particular, the set corresponding 
to the maximum number of bonds corresponds 
to the lowest value of S, that is, the state of 
lowest multiplicity, and since we may generally 
select 1 to be even by augmenting each odd case 
with an electron at infinity, this will be a singlet 
state. 

In practically all problems met with the state 
of lowest energy is a singlet so that we need only 
be concerned with the secular determinant cor- 
responding to S=0. For even n the dimension- 
ality of this will be 


* Assuming that none of the orbital functions are present 
more than once. This assumption does not appreciably 
affect the generality of the following discussion. 
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so that only this number of the 


possible singlet bond functions are linearly : 


independent. There are obviously many ways in 
which the proper number of independent bond 
functions may be chosen but for our purposes 
that so-called canonical set of Rumer® will be of 
principal interest in view of the additional 
developments of Pauling.’ 

It was found by Rumer that if the orbits are 
arranged at the corners of an n-sided polygon the 
n!2"/!2(n/2)! bond functions corresponding to a 
non-crossing bond pattern form an independent 
set,—the so-called canonical one. Moreover, any 
non-canonical bond eigenfunction may be re- 
solved into a linear combination of canonical ones 
by successive application of the rule that 


= @) 


Simple rules for writing matrix components 
between bond eigenfunctions have been given by 
both Pauling’? and Eyring and Kimball.® 

In addition to the fact that the lowest energy 
level is found in the secular determinant corre- 
sponding to S=0 it is also to be expected on 
general grounds that the lowest state will be 
invariant under the group which expresses the 
symmetry of the atomic configuration. The basis 
for this expectation lies in the fact that sym- 
metric states generally possess a lower mean 
value of kinetic energy for all electrons than 
other states, and as the mean value of potential 
energy does not differ greatly for neighboring 
states the total energy will be lowest for sym- 
metric states. Hence for the purposes of the 


® Rumer, Nachr. d. Ges. d. Wiss. zu Gottingen, M. P. 
Klasse, 337 (1932). 
7 Pauling, J. Chem. Phys. 1, 280 (1933). 
8 Eyring and Kimball, J. Chem. Phys. 1, 626 (1933). 
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aforementioned applications it is necessary to 
consider only that part of the secular deter- 
minant associated with symmetric states. The 
purpose of this article is to set forth a general 
method upon which a derivation of such sym- 
metric states may be carried out. Several inter- 
esting applications of this method. will be carried 
through.® 


§2. THEORETICAL DEVELOPMENTS 

The ideal basis upon which to found a dis- 
cussion of the symmetry properties of functions 
consists in geometrizing the functions associated 
with our problem. Thus, with the !/2"/2(n/2)! 
canonical bond functions, B;, we associate a 
n!/2"/2(n/2)! dimensional bond-space which may 
be regarded as being spanned by this system of 
linearly independent coordinate vectors. In 
general, these bond eigenfunctions will not be 
mutually orthogonal so that the coordinate 
system is not a unitary one. To each symmetry 
element 6 of the group describing the symmetry 
of the atomic configuration under discussion it 
will be shown that there corresponds a repre- 
sentative matrix A‘ in bond-space. Hence to 
each transformation 


-x=x’, (3) 


where x is a vector in ordinary space and 8 is 
a symmetry operator, there corresponds the 
equation 

AMy=y', 


where y is a vector in bond-space. In particular, 
if y is expressed in terms of canonical vectors so 


that 
= da iB;, (4) 


where the a’s are constants and the summation 
extends over all 7 then 


i 
* Mulliken, J. Chem. Phys. 1, 492 (1933), considers 
symmetric states for the purposes of his viewpoint. His 


methods of arriving at these are, however, essentially 
different from those used in this paper. 


so that 
= ai, (6) 


where A;; is a representation of 5. For the 
purposes of the present discussion, we are not 
interested in all of bond-space but only in that 
part which is spanned by the complete system 
of vectors satisfying the relation 


AMY=y, (7) 


where g runs through all elements of the group, 
—that is, in the invariant sub-space associated 
with the symmetry group. Since the represen- 
tations of any group may be easily found for a 
canonical coordinate system by use of the rule 
(2) the determination of the sub-space may be 
found directly by solving the equations 


a;= ai. (8) 


In actual practice we need only be concerned with 
the generating elements of the group since any 
vector which is invariant under these will be 
invariant under the entire group. 

Concerning the construction of the represen- 
tation of a given symmetry operation, this may 
be easily carried out if each operation, which 
corresponds to a rearrangement of orbits, sends 
canonical functions into bond functions, for if 
this is true the elements in the column associated 
with each bond function in the representation of 
a given operator are just the coefficients of the 
canonical functions when the equivalent bond- 
function is resolved in terms of the canonical set. 
It is easily shown, however, that the required 
condition is satisfied. For example, ifabc...1 
is a normal arrangement of orbit-columns as 
shown in (1), which arrangement will appear 
in all Slater functions occurring in a given bond- 
function, and a given symmetry operation is 
carried out, these columns will undergo a per- 
mutation. All determinants will be brought back 
to the normal form by the same number of per- 
mutations of their columns, which will introduce 
a factor (—1)? where p is the order of the 
required permutation. This is equivalent to a 
rearrangement of electron-orbit columns accom- 
panied by a possible change of sign. Because each 
of the electron-function columns in the different 
Slater functions comprising a given bond function 
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are permuted in exactly the same way, the new 
function, to within a sign, is the bond function 
corresponding to the rearrangement of bonds 
induced in a bond pattern by the symmetry 
operation. 

Although the states of lowest multiplicity are 
kept uppermost in this discussion, the foregoing 
development is by no means restricted so as to be 
applicable to these alone, but is as general as the 
concept of bond-eigenfunctions.” 

With these facts at our disposal we may now 
proceed with the construction of the group- 
representations and the solving of the equations 
(8) in particular cases." 


§3. APPLICATIONS 


(1) Polygonal configurations 


The simplest non-trivial examples of the use of 
the foregoing theory occurs when the con- 
figuration of orbits under consideration form a 
ring structure possessing the symmetry of one 
of the dihedral groups D, (i.e., the symmetry of 
a plane polygon). In the case for which 1 is even, 
which is the only interesting one since, for 
example, it corresponds to the six free orbits of 
CsHe or the eight free electrons of CsHs, the 
group may be generated by a rotation of angle 
2x/n about the axis of symmetry and a reflecting 
plane passing through diametrically situated 
centers. The Rumer polygon in this case may be 


selected to coincide with the structure polygon 


10 Eyring, Frost and Turkevich in a forthcoming paper 
have treated several cases for all possible multiplicities, 
but from a somewhat different viewpoint. We are indebted 
to them for the opportunity of seeing their manuscript. 

11 A general and straightforward method of obtaining 
the functions going with all of the representations is had 
by making use of the equation 


= 


(see E. Wigner, Gruppentheorie, 1931, page 123, Eq. (6)) 
in which yy belongs to the kth row of the jth irreducible 
representation of dimensionality /;, whose elements are 
Dx(R), R runs through all # elements of the group. 
Pp is the operator associated with R and F is an arbitrary 
function. The representations are assumed known or may 
be derived by reduction of the generating elements of 
the group in a spherical harmonic coordinate system under 
the guiding knowledge afforded by Bethe’s work (Ann. 
d. Physik 3, 133 (1929)). 


so that the manner in which the symmetry 
operators affect the bonds will be closely con- 
nected with the manner in which the orbits are 
rearranged by the same operators. Since the 
case n=6 is a typical example and is also of 
particular interest we shall consider it in detail. 
The five canonical bond patterns for this problem 
are illustrated in Fig. 1, where the arrowhead 


a b a a a b a b 
/ c f \ 
/ /\ c 

e d e d e d e d e d 


Fic. 1. Canonical bond eigenfunctions for 6 electrons. 


marks the electron with spin a and the tail that 
with spin 8. A simple rotation through an angle 
x /3 corresponds to an odd permutation of orbits, 
whence the resultant bond function in any one 
case is the negative of that obtained by rotating 
the bond pattern. The reversal of the direction 
of one arrow in the bond pattern is equivalent 
to changing the sign of the associated function 
so it follows at once that B, is sent into By, and 
By into B,. Similarly By; is sent into Byy, Biy 
into By and By into By. On the other hand, a 
reflection in a line passing through fc corresponds 
to an even permutation so that under this 
operation B; and By, are interchanged, By, is 
sent into itself, while Byy and By are also inter- 
changed. From these properties it is clear without 
further investigation that the invariant sub- 
space in this five dimensional bond-space is two 
dimensional and is spanned by all vectors of the 
form 


(9) 


where a and 6 are arbitrary to within normal- 
ization. The secular equation in terms of the 
two functions B;+ By, and By,+Biy+By is, 
after simplification!” 


Q-—4a+7—-E 2(a— +) 
=0, (10) 
2(a— +) 


12 This corresponds to the usual procedure where overlap 
terms and multiple exchanges are neglected. In the follow- 
ing we shall evaluate coulombic and exchange integrals 
empirically by the use of Morse P.E. curves for pairs of 
electrons on different atoms (H. Eyring, Naturwiss. 18, 
915 (1930). 
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where Q is the coulombic energy for the system 

and a, 8 and vy are the interchange integrals 

between a and a and c, and a and d, respectively. 
Solving Eq. (10) algebraically we find 


E=Q-a—36+y7 
+ (11) 


The lowest of the two possible values corre- 
sponds to the + sign in (11). Using Q=78.7, 


a=64.8, B=12.9, and y=5.8 kg cal. gives 
E=176.4 kg cal. That this is actually the lowest 
possible eigenvalue associated with these values 
of a, 8 and y was shown by a direct investigation 
of the 5th order secular equation. The values of 
a and 6 in (9) are found to be 0.450 and 0.147, 
respectively, for ® normalized to 1. Thus the 
expectation that the lowest state is symmetric 
is fully borne out. 


(2) Eight identical orbits centered at the corners of a cube 


For the configuration consisting of eight identical orbits situated at the corners of a cube the 
symmetry group is O" and possesses 48 elements. It may be generated, however, by a 3-fold axis 
passing through C of Fig. 2, a 4-fold axis passing orthogonally through the center of the square cdef, 
and an inversion at the center of the cube. There are 14 canonical bond eigenfunctions in this case, 


illustrated in Fig. 3. 


J) 
b 


Fic. 2. 8 identical orbits 
centered at cube corners. 
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Fic. 3. Canonical bond eigenfunctions for 8 electrons, e.g., 2 is the bond 


eigenfunction ab, cd, ef, gh. 


The three representations of the generating elements in this coordinate system are as follows: 
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0 0 0 0 0 0 1 0 1 0 -1 0 -1 0 
© -1 © @©@-2 © @ 6 fo 
0 0 0 60 0 6 0 6-1 60 0 60 1 0 E 
0 0 0 60 0 6 0 6-1 60 1 060 0 0 Fe 
0 0 1 0 0 -1 0 0 -i1 0 1 0 0 0 
0 0 0 1 -1 0 0 0 -1 0 0 0 1 0 
0 0 0 0 0 0 0 0 1 0 0 0 0 0 (13) 
1 0 0 0 414 1 0 0 14 606 06 0 0 0 ot 
0 0 0 0 0 1 0 1 1 0 -1 0 0 0 
0 0 0 0 0 1 0 0 1 0 0 0 0 0 (3 
0 0 0 606 0 0 060 0 060 060 0 1 0 0 
0 0 0 0 1 0 0 0 1 0 0 0 0 0 ‘ 
0 1 0 0 0 0 0 60 0 0 1 60 1 0 ie 
Four-fold cal 
orl 
0 0 0 0 0 0 0 0 0 0 0 0 0 col 
1 -1 -1i -1i -1 0 0 0 0 0 0 0 0 gel 
0 0 0 -1 0 0 0 0 0 0 0 0 0 thi 
0 0 0 0 -1 0 0 0 0 0 0 0 0 tal 
0 -1 0 0 0 0 0 0 0 0 0 0 0 wh 
0 0 -1 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 1 0 0 1 0 0 0 0 0 (14) 
0 0 1 1 0 0 0 0 1 0 0 0 0 
0 1 1 0 0 1 0 0 0 0 0 0 0 
0 1 0 0 1 0 1 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 0 
0 0 1 0 1 0 0 0 0 0 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 
Inversion 
By solving the Eqs. (8) we find the relations 
—Q7+A11, Ag=Ag=A19= 47, (15) 
so that the invariant sub-space is of dimensionality three and is spanned by the vectors 
W.= Bw, (16) 7 
W3= —2B,+B3+ Bit Bet spa 
which yields after suitable reduction the following secular equation 
Q+2a—88—2y—E — (4/7)(a+28—3y) (20/7)3(2a—38+7) 
Q—(46a+3268—22y)/7-E (20/49)*(4a—38—y) |=0, (17) 


' when Q is the coulombic integral for the system, a denotes the exchange integral between a and 5, 
B that between a and c, and y that between a and f. 
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That this eigenvalue is really the one for the lowest state may be seen if one computes the energy 
for eight Na atoms at the corners of a cube, and compares the value with that given by Taylor, 
Eyring and Sherman" which was obtained by a direct solution of the 14th order secular equation. 
For a cube edge of 3.15A the following values of Q, a, 8 and y were used: 


Q=94.4 kg cal.; a= 12.69; B=6.88; = 3.37. 


Eq. (17) gives E=69.9 kg cal., which is to be compared with the value 68.1 kg cal. found by the 
other authors. This difference is within their computational error. 


(3) Eight orbits possessing tetrahedral symmetry 

The next case which we shall consider is that in which the arrangement of orbits possesses the 
symmetry group of a tetrahedron (J). This arrangement is met with, for example, in methane in 
which the four hydrogen atoms are situated at the four corners of a tetrahedron relative to the 
carbon atom at the center. A schematic diagram of the orbits is given in Fig. 4 in which the carbon 
orbits are designated by circles in circles and those of hydrogen atoms by dots in circles. The line 
connecting neighboring circles and dots is understood to be a prolongation of a body diagonal. The 
generating elements of the group 7? may be taken to be a three-fold rotation about the body diagonal 
through ¢ and a vertical reflecting plane passing through df. With the canonical set of bond functions 
taken to be associated with Fig. 4 the representation of the threefold rotation is the same as (12), 
while that of the reflecting plane is 


| 


6 
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0 0 
0 0 
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Plane 


The invariant subspace associated with this group is three dimensional and consists of the space 
spanned by the vectors 


¥3= —B,— 2B2+Bs— Bs— Be + Bi + 2Bis, 


and the secular determinant after suitable reduction is found to be™ 


Taylor, Eyring and Sherman, J. Chem. Phys. 1, 68 (1933). Eyring and Kimball, J. Chem. Phys. 1, 626 (1933). 
“This equation has also been independently obtained by Eyring, Frost and Turkevich. 
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0 (9/2)'(—B—y+28) 
0 (19) 
(9/2)#(—B—y+26) 


where a, 8, y and 6 are the exchange integrals between ch, ah, bc and ac, respectively. 


~ 


g 


Fic, 4. 8 orbits possessing tetrahedral symmetry. 


§4. Vector MopDEL 


As pointed out to us by Professor Van Vleck, our secular Eqs. (17) and (19) may be checked in 
various limiting cases with the aid of the vector model. Use of the model is possible because the 
secular problem connected with the permutation degeneracy is formally equivalent, except for an 
additive constant, to that of cosine coupling between the spin vectors. This has been shown by 
Dirac, who demonstrated that the exchange effects between two states i and j are equivalent to a 
potential —3J;,;[1+4s;-s;], where J:; is the exchange integral connecting 7 and j7. The complete 
Hamiltonian function is therefore Q— 4) J:;(1+4s;-s;). The determination of the characteristic 
values of this function is in general quite complex, but if J;; has the same value J for all pairs it may 
be taken outside the summation. Now consider the configuration of 8 orbits centered at cube corners, 
for the following cases: 

(1) a=B=y. There are 8 electrons, 28 pairs. 


28 
E=Q-3 > a-2aD s;-s;=Q—14a—2a s;-8;. 
1 


j>i j>i 


Since )s;=0, and s?=3, we have and 2)s;-s;= —?X8= —6. 
E=Q-—14a+6a=Q-—8a. 


(2) a=y=0. Here the eight electron problem reduces to two identical four electron problems and 
the J can be taken outside the summation. From Fig. 2 it is clear that there are six }’s,—i.e., six 
surface diagonals,—associated with each group of four electrons. Therefore, 


E=Q-—2[362L (1+-4s;-s;) ]=Q—2[38+6{S(S+1) —3-4}], 


where S is the total spin of the four electrons, which may equal 2, 1 or 0 in this case. 


%See Dirac, Proc. Roy. Soc. Al23, 714 (1929) or Dirac, Quantum Mechanics, Chapter XI, and Van Vleck, The 
Theory of Electric and Magnetic Susceptibilities, Chapter XII. The vector model will also be discussed in forthcom- 
ing papers by Van Vleck and Serber. 
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SYMMETRIC STATES OF ATOMIC CONFIGURATIONS 


E=Q-2[38+ 8(6—3) ]=Q-—128 for S=2, 
for S=1, 
E=Q-2[38+6(0—3)]=Q for S=0. 


These are all roots of (17) in this case. 

(3) a=B=0. Referring to Fig. 2, there is only one body diagonal leaving any one corner, so that 
the problem obviously falls into four two-electron problems. The exchange energy in each of the 
four cases may be either +7 or —vy, but since the total spin of the eight electrons is zero, E may 
equal either 0+4y, Q, or Q—2y. These are not all necessarily roots of (17) because this secular 
equation is associated with a symmetric wave function. Actually, the first three values of E are 
roots of (17). 

Consider now the case of 8 orbits possessing tetrahedral symmetry, for the following cases: 

(1) a=B=y=6. This will obviously give the same result as 1 above. 

(2) B=y=45=0. The secular problem is the same as 3 above, the characteristic values of each 
two-electron problem being either +a or —a. E may equal Q+4a, Q or Q—2a. The first three 
values are all roots of (19) in this case. 

(3) a=6, B and y+0. Here the Hamiltonian function becomes 


Say 
= —S’c — ]— — 7-4], 


where Sc =Si+S2+S3+s, denotes the spin of the carbon electrons and Sqaqy=s;+S6+S7+8s the 
collective spin of the four hydrogen electrons. In other words, the total spin of the carbons, and of 
the four hydrogen electrons, are good quantum numbers. The characteristic values of S*cq, 
= Scu,(Scu,+1), = Se(Se+1), = where Sc and S4yq are the total spins 
of CH4, C and 4H’s, respectively. The resultant spin of CH, is 0. Therefore Sc and S4q must be equal 


and may of course be equal to 2, 1 or 0, corresponding to the values 0+4a—6(8+y7), Q—4a—2(8+y) 
and Q—8a for the Hamiltonian, respectively. 

In conclusion we wish to express our appreciation and thanks to Professor H. Eyring, A. Frost 
and J. Turkevich of Princeton University, and Professor J. H. Van Vleck of the University of 
Wisconsin, for helpful discussions in connection with the present work. 
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(1) Use of Johnson’s formulas for sp? levels in conjunction 
with existing experimental data makes it doubtful whether 
the 5S state of the carbon atom is only 1.6 volts above the 
ground state, as often assumed in the literature. (2) A 
formula is derived for the energy of the ‘‘valence state” 
of the C atom, which is a linear combination of sp? levels 
wherein the spins are paired with those of attached atoms. 
This state is characteristic of tetravalent carbon com- 
pounds involving four electron pair bonds, and is shown to 
involve an increase of about 7 volts in the internal energy 
of the C atom over that in the ground state. (3) Because of 
this increment, the net or observed bonding energy is less 
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than the gross or true inter-atomic bonding energy. The 
gross energy per bond is probably greater in CH; than in 
CH, although the reverse is true of the net. (4) A critical 
comparison is given of the Slater-Pauling theory of 
directed valence and the nondirectional Heitler-Rumer 
theory based on a 5S state of the C atom. The former leads 
to much firmer bonds. (5) The assumption of electron 
pairing, made in Part II, is shown to be well warranted in 
CHsg, as it yields an energy value which is very nearly the 
same as the deepest root of Eyring and colleague’s more 
exact cubic secular equation. (6) The energies of CH, 
and 4CH are compared in the light of theory. 


1. ENERGY LEVELS OF THE FREE CARBON ATOM 


N order for the carbon atom to exert its usual valence 4, it must be in the sp* configuration rather 
than in its normal state s*p? In Part II,! all states (viz., belonging to sp* were 


regarded as having the same energy, whereas we now wish to consider the influence of the L, S 
structure of this configuration, and in general to examine more carefully than previously the effect 


of the energy differences between s*p? and sp*. 


First it is well to study the energy levels of the free carbon atom. The energies of the various 
states belonging to sp* have been calculated in terms of the Slater-Condon?:* F’s, G’s and I’s by 
M. H. Johnson.‘ The results are given in Table I. We omit Johnson’s spin-orbit terms, as they are 


very small for light atoms like carbon. 


TABLE I. 


Theoretical energy 


Obs., N* 


Wo—3Gi—15 
WotGi-15F2 
sp 3p W.—2G,—6F2 
sp 1p Wo—6F2 
sp 3p Wo—2G; 


Wo 


19.2 volts 
7.9 10.4 
9.7 
9.3 13.5 
9.7 


1 Part I of the present series appeared in J. Chem. Phys. 
1, 177 (1933); Part II, ibid. 1, 219 (1933). See Part I for 
references to the literature. We neglected to state there 
that the method of “molecular orbitals,” which is the 
essence of the Hund-Mulliken procedure, was first intro- 
duced by J. E. Lennard-Jones, though only for diatomic 
molecules (Trans. Faraday Soc. 25, 668 (1929)). The present 
article connects particularly with Section 5 of Part II, 
based on the Heitler-London method. 
2J. C. Slater, Phys. Rev. 34, 1293 (1929). 


3 E. U. Condon and G. H. Shortley, Phys. Rev. 37, 1025 
(1931). 

4M. H. Johnson, Jr., Phys. Rev. 39, 209 (1932): These 
formulas for sp* may also be derived very simply by the 
Dirac vector model, as will be shown in a future paper by 
the writer in Phys. Rev. We have used this model to. 
determine the additive constant in the energy, which was 
not specified in Johnson’s paper since he took *D as the 
origin. 
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STRUCTURE OF CH, AND RELATED MOLECULES 21 


Here Wo=1(2s)+31(2p)+3Fo(2s; 2p) +3Fo(2p; 2p) — W(s*p? *P). (1) 


To avoid fractions, we use the Condon-Shortley? rather than Slater convention on the F’s and G’s, 
and G,(2s; 2p), F2(2p; 2p) are throughout abbreviated to Gi, F:. The origin for the energy is always 
taken at the normal state s?p? *P. The entries in the last two columns are the excitation energies 
of the spectroscopically known sp* states of C and N+. Clearly the observed values are not com- 
patible with the formulae, since different intervals yield discordant values of F2 or G,. For instance, 
1D—8D of C demands G;=0.9, while 'P—*P demands G=0.2. This is not surprising, for the Slater 
relations seldom work well for light atoms. The observed energy of the *S term of N+ however, is so 
unduly high as to suggest a misclassification, and hence possibly this term should be attributed to 
some other configuration than 2s2*. Turner’ indicates that such a misclassification is not unlikely. 

The position of the °S state of C is of considerable interest in connection with the theory of 
valence. It has been suggested in the literature’ that this state is 1.6 volts above the normal level. 
This estimate is based upon band spectra and cannot be considered reliable, as there is considerable 
doubt concerning the identification of the dissociation products, as well as in the extrapolation of 
the potential energy curves. 

In our opinion the preceding table makes it probable, though not absolutely certain, that the °S 
state is not nearly as deep as 1.6 volts above normal. For instance according to the Johnson formulas 
it falls at 4.9 volts if we use the most favorable choice of the constants, viz., the values 


Wo=11.1, G,=0.9, F,=0.23 volts, (2) 


which fit the observed *D, *P and !D levels. The choice (2) does not give the correct position for the 
'P term, but conceivably this term might be abnormal because of a perturbation. If the constants 
are adjusted so as to fit 'P at the expense of one of the three other known states, then °S is even 
higher than 4.9. Of course it is true that numerical values of the F’s and G’s do not mean a great 


deal as long as the Johnson formulas do not hold, but at the same time the fact remains that F2 or 
G, would have to be of a different order of magnitude than required to fit other intervals if °S is 
really as deep as 1.6 volts. There appears to be no reason why *°S should be unduly deep compared to 
the simple theoretical expectations. On the contrary, singlet and triplet states of the C atom belonging 
to other configurations than sp’ are rather more abundant than the quintets and so perturbations 
by these other configurations will presumably tend to depress °S less than the other states of sp*. 
If the 5S state were as deep as 1.6, one would expect the 4S state of C+ to be abnormally low, since 
5S of C is based on a 4S state of C+, whereas !»*P and !}*D are based on ?P and 2D. Actually 4S of 
C+ is only 1.14 volts® deeper than 2D, while ?P is unknown. 

An interesting calculation of the energy levels of the C atom has also been given by Beardsley.’ 
He calculates the various exchange and Coulomb integrals, and so obtains explicit numerical formulas 
rather than expressions involving undetermined parameters J, F2, Gi such as we give. For our 
purposes, however, it appears better to use the formulas with parameters, as they bring out vividly 
the ratios between the various intervals, and do not require specialization of the wave functions 
except that they be of central character. The Beardsley paper naturally implicitly contains the 
Johnson formulas, for the ratios between the various intervals calculated by Beardsley are con- 
sistent with the simple theory. Beardsley’s results correspond to the following choice of constants: 
W.=14.6, Gi=3.44, F2=0.29 volts. Such a choice locates °S at less than a volt above the ground 
level, and the “‘valence state’’ to be discussed in the next section at 4.0 volts. However, it gives a 
spread between the observed levels of sp* which is of a much greater order of magnitude than is 
observed experimentally in C, but which is of almost exactly the order observed in N+. Of course 


5 W. Heitler and G. Herzberg, Zeits. f. Physik 53, 52 | but a common origin can immediately be secured by 
(1929); L. A. Turner, Proc. Nat. Acad. 15, 526 (1929). making use of the fact that absolute term values are 
°In their tables, Bacher and Goudsmit use different | known for both the triplets and singlets of C**. 
origins of energy for the doublets and quartets of Ct, 7N. F. Beardsley, Phys. Rev. 39, 913 (1932). 
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it could be that the observed levels in C are abnormally close because of perturbations and that N+ 
represents more nearly the usual state of affairs. We prefer, however, to blame the anomaly on 4S 
of N+, and to dismiss attempts to compute the intervals directly from the wave functions as unre- 
liable because the latter are not known sufficiently well. The question, however, must be regarded 
as still an open one. 

In view of all the above, we conclude that °S of C is probably 5 to 8 volts above the ground state, 
but 1.6 cannot be excluded with finality. 


2. THE VALENCE STATE OF CARBON 


The spread in energy among most of the states belonging to the configuration sp* is small compared 
to the energy difference between s*p? and sp’, or in other words the effect of the quantum numbers 
L, S on the energy is small compared to that of the individual /’s. An exception is furnished by 5S, 
especially if really at 1.6 volts, but this is only one state out of many. Hence it seemed plausible 
that in our calculations in Part II no great harm was done by ignoring the L-S structure. This 
point may now be made more quantitative and definite if one uses calculations by the Heitler- 
London-Pauling-Slater method as in Section 5 of Part II. It will turn out that the influence of the 
L-S structure on the directional valence is even smaller than one would conjecture. 

In our calculations by the H-L-P-S procedure in II, the spins of the four electrons belonging to 
sp* were assumed paired with those of the four atoms attached by the carbon. Such a condition of 
the carbon atom we may conveniently call its valence state. It is not identical with any one of the 
six atomic states tabulated in Section 1, and is instead to be regarded as a linear combination of 
these. Its internal energy may be calculated, as follows in terms of the Slater F’s and G’s. 

Let K;; and C;; (Slater’s J) be respectively the exchange and Coulomb integrals connecting elec- 
trons i and j of the carbon atom. Do not confuse the intra-atomic exchange integral K;; with the 
inter-atomic exchange integrals J;; used in Part II. Since the C atoms all have their spins paired 
with those of electrons in attached atoms, the intra-atomic energy of the carbon atom is 


W=I(3s)+31(3p) +2j>i(Cij— 2Ki;) — *P) (3) 


when referred to the ground state. As emphasized in Part II, the coefficient — } is characteristic of 
exchange effects between electrons paired otherwise than with each other. The C electrons have 
wave functions of the form 


¥i= ay(2s) + (4) 


where, as in Part II, ¥(20;) means a 20 wave function when referred to the axis C-H;. In virtue of 
the well-known vectorial transformation properties of the » wave functions, given for instance in 
(6) of II, one finds that 


Cij= a2aPC(2s; 2s) 2p) +4a:0;8:8;K (2s; 2p) cos (i, j) 
2p) cos? (4, j) +C(2p0; sin? (7, j)], (5) 


Ki; = a2a7K (2s; 2s) +828;[cos? 7)K(2p0; 2p0) +sin? (1, j)K(2po; | 
+2a;a;8;8; cos (i, j)C(2s; 2p) +[ cos (4, j)+a:8; PK (2s; 2p) + sin? (i, j)K(2s; 2p). (6) 


Here cos (i, j) is the cosine of the angle between the axes C-H; and C-H;, and a common axis of 
quantization is to be understood in connection with all the Greek notation. Thus C(2p7; 2p<) is 
the same as J(211; 210) in Slater’s notation J(nlm;; n'l’m;’). The C’s and K’s on the right side of 
(5, 6) may immediately be expressed in terms of the F’s and G’s by means of Slater’s tables (page 
1312 of reference 2). We next sum over the various pairs of carbon electrons, as demanded by (3). 
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STRUCTURE OF CH, AND RELATED MOLECULES 


We can utilize the fact that the four wave functions (4) satisfy the relations 
a?+B; =1, Ya?=1, aja;+ cos (1, j)=9, 


because of the orthogonality and normalization to unity. These formulas materially simplify the 
final form of (3), which is found to be 


W.(C) = Wo+ — [Fo(28; 28) —2Fo(2s; 26) + Fo(2p; 2p) 3(—S+2u)Gi (7) 


with W, as in (1) and w= as, 

Since the hybridization ratios depend on the directions C-H;, the expression y is a function of the 
angles between the four valence directions of the C atom. It is rather remarkable that the only 
angular dependence is of the one type uw. The minimum value } of yu is characteristic of the tetra- 
hedral model, where all four electrons have the same hybridization ratio and hence a = a2 = a3 = a4 = 3. 
The maximum value of u is unity, and is achieved in a model without hybridization, i.e., a model 
where three of the valence directions are mutually orthogonal, and represent pure p bonds, while 
the fourth has an arbitrary direction, and corresponds to a pure s bond. 

To form a numerical estimate of (7), we adopt for the various constants the values (2) together 
with 

F (2s; 2s) —2Fo(2s; 2p) + Fo(2p; 2p) =17.9—2 X16.1+14.8=0.5 volts. (8) 


The result (8) is obtained theoretically from Beardsley’s calculations,’ as empirical methods are not 
feasible for this particular expression. The numerical value of (7) then ranges from 7.0 volts at p=} 
to 7.3 volts at u=1. We thus conclude that: 

(a) The effect of the L-S structure on the directional properties of valence is small, since the value 
of (7) varies but little with the choice of the valence directions as manifested in py; 

(b) The ‘‘valence”’ state of C has about 7 or 8 more volts of intra-atomic energy than the normal 
state. This is the energy requiréd to make the C atom acquire a chemically active condition, but 
should not be confused with an “‘energy of activation” in the usual chemical sense, since the latter is 
lower because it includes allowance for the offsetting effect of the inter-atomic bonding energy. 

Conclusion (a) would not be altered if different numerical values than (2), (8) were adopted, while 
the estimate 7 volts in (b) would be changed at most by a volt or two. This insensitivity is because 
F,, G;, and (8) are in any case small compared with (1), and the main term W, is known with at 
least moderate precision. We have already mentioned that smaller values of the F’s and G’s than 
(2) are obtained if we fit three other known states rather than 'D, *D, *P as in (2). Hence our choice 
of the F’s and G’s tends, if anything, to overestimate the directional effect of the L-S structure and 
to underestimate somewhat the energy of the valence state. The individual terms in (8) are quite 
large, but the value of F(2s; 2p) is intermediate between F(2s; 2s) and F(2p; 2p) and somewhat 
less than their mean, so that the expression (8) is small and positive. These statements are true for 
almost any reasonable choice of Beardsley’s parameters a, x, y and are not peculiar to his optimum 
selection a=5.7, x=1.3, y=0.6 which we have used to obtain a numerical value in (8). Thus the 
order of magnitude of (8) seems fairly certain even though the particular value 1.5 may be con- 
siderably in error. 

Analogous calculations on the effect of the L-S structure could also be made for other compounds, 
where the valence is 2 or 3 rather than 4, and where in consequence the state of the central atom is 
intermediate between sp? and sp*. These computations, however, do not seem worth while, as in 
Section 6 of Part II our theory included allowance for the individual /’s on the energy, and it seems 
reasonably clear from the above that the L-S refinement will be unimportant at the present state 
of accuracy of valence theories. 


’ The expressions aK, a(0+3P), aP, aQ, on page 918 of Beardsley’s paper are respectively the same as F(2s; 2), 
F,(2p; 2p), 3F2, Fo(2s; 2s) in our notation. 


23 
+ 
d i 
d 
le 
is 
e 
of 
of 
d 
3) 
of 
re 
1) 
of 
in 
of 
is 
of 


j. 


3. RELATIVE ENERGY OF CH; AND CH, 


Mulliken® emphasizes the fact that the ap- 
parent energy per bond has a larger value, 4.0 
volts, in CH, than in CHs, where he estimates the 
value to be 3.6 volts or less. In our opinion this 
is not because the true inter-atomic bond energy 
is greater in CH, than in CH3, but simply be- 
cause the C atom must be excited to the “‘va- 
lence state” before it can form either a tri- 
valent or quadrivalent compound. Once it has 
been thus excited at the expense of unfavorable 
intra-atomic energy, it is clearly in the best 
interests of the atom to form as many bonds as 
possible. We must distinguish between net and 
gross energy per bond, the former being that 
observed experimentally, and the latter the true 
inter-atomic bond energy obtained by increasing 
the experimental value by the energy of excita- 
tion of the valence state prorated to the different 
bonds. The values quoted by Mulliken are net. 
If we assume that this excitation energy is 7.1 
volts, the corresponding gross values are 5.8 
volts for CH, and 6.1 volts, or less, for CH3. 

Theoretically, the gross energy per bond should 
be somewhat higher in CH; than in CH, for 


- two reasons. In the first place the repulsive 


energy between the H atoms should be less in 
CH; than in CHy, due to a removal of an H 
atom. In the following section we shall estimate 
the H-H repulsive energy to be 2.5 volts in CH. 
The corresponding value in CH; is 1.2, as there 
are here 3 rather than 6 repulsive H pairs. This 
is on the assumption that the tetrahedral angles 
are preserved in CH;. With a plane model, the 
repulsive energy is further reduced from 1.2 to 
1.0 volts. In the second place, quite irrespective 
of H-H repulsions, the true C-H valence energy 
per bond should, if anything, theoretically be 
somewhat greater in CH; than in CH,. With the 
Heitler-London-Pauling-Slater method, one can 
see this most readily by noting that the energy 
per bond is identicai in CH ; and CH, if the 
tetrahedral angles are preserved in CH, (viz., 
when @=109.5°, the expression (37) of Part II is 
exactly 3/4 as large when Jt}=0 as when Jt= J). 
Now in Part II we saw that, even without H-H 
repulsions, the tetrahedral angles were not the 
best, and that a somewhat flatter model gave 


9R.S. Mulliken, J. Chem. Phys. 1, 500 (1933). 
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lower total energy for the CH; molecule, or in 
other words higher bonding energy. Hence when 
the most favorable angles are used, the energy 
per bond will be increased over the tetrahedral 
or CH, value. The increase, however, is not 
large, as the variation of (37) of II with @ is not 
great. In fact the difference in the value of (37) 
for the tetrahedral and plane models of CH; is 


W.— W,=0.375(Nes— Noe) +0.345 Nos. 


We shall see in the next section that N,,.—No. 
and N,, are probably not more than a volt or 
so in magnitude, and possibly of opposite sign. 
So the decrease in energy occasioned by de- 
partures from the tetrahedral angles probably 
does not amount to more than a fraction of a 
volt. With any given values of No, Nss, Nes 
the best value of the angles could be determined 
by means of (44) of Part II, but the N’s are not 
known with sufficient precision to make this 
repaying. With the Hund-Lennard-Jones-Mul- 
liken method, it is not possible to reach as 
definite conclusions on the relative magnitudes 
of the energies per bond in CH; and CH,. With 
forms (i) and (ii) of this method given on page 
237 of Part II, the energy per bond appears to 
be greater in CH; than in CHy, but with (iii) 
the reverse is apparently sometimes true. 
Instead of comparing the energies per bond 
in CH; and CH,, it is often convenient to examine 
instead the energy of the reaction CH,=CH3+ 
H, since Mulliken’s estimates of the energy per 
bond in CH; are simply deduced from an assumed 
energy for this reaction along with a known heat 
of formation of CH, from C+4H. His net value 
3.6 volts per bond in CH; is under the assump- 
tion that removal of an H atom from CH, 
requires 5 volts. Mulliken concludes from 
ionization potential data, etc., that the energy 
connected with this removal is between 5 and 7 
volts, and is probably much nearer 5 than 7. 
Any increase above 5 is reflected in a decrease 
of the net CH; value below 3.6. We may attempt 
an estimate of the heat of the reaction CH, 
=CH;+H from our theory. The gross energy 
per bond in CH, is increased from 5.8 to 6.4 
volts when we correct for the H-H repulsions 
so as to have the pure C-H energy rather than 
the resultant of C-H and H-H actions. With the 
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H-L-P-S method one should expect the energy of the process CH;=CH;+H to be about 1} to 2 
volts less than the corrected gross energy per bond in CH, the difference arising because of the 
two effects noted in the preceding paragraph. Thus by an entirely different method we roughly 
confirm Mulliken’s estimate that this process requires about 5 volts. 


4. COMPARISON WITH THE HEITLER-RUMER THEORY 


Besides the Hund-Lennard-Jones-Mulliken and Slater-Pauling theories which we have discussed 
in detail in Parts I and II, still another and somewhat earlier theory of valence in carbon and 
nitrogen compounds has been given by Heitler and Rumer.'® The H-R theory, like the S-P one, is 
based on the Heitler-London method, but, unlike S-P, does not introduce electron pairing. Instead 
the valence electrons of the central atom have their maximum possible resultant spin, so that in 
carbon and in nitrogen compounds the C and N atoms are respectively in °S and 4S states. In the 
S-P theory, on the other hand, the spin of the central atom is not a good quantum number, and the 
spin of each C or N electron is compounded with the spin of an electron of an attached atom to give 
zero resultant spin for the two, which thus constitute an electron pair. In the S-P form all the 
private properties of the central atom are sacrificed in order to give “maximum overlapping” between 
the two wave functions involved in an electron pair. As a result the L and S of the central atom cease 
to be good quantum numbers, while the hybridization spoils even the /’s of the individual electrons. 
In the H-R theory, L, S, and the /’s are all good quantum number, but at the expense of having less 
overlapping. Whether the S-P or H-L method is the better approximation depends upon whether 
the total energy of the chemical bonds is large or small compared to the separation between the 
various terms belonging to the electron configuration of the central atom (configuration sp* in C; 
s*p? in N), or, in other words, upon whether it is more important to diagonalize the intra-atomic or 
inter-atomic part of the Hamiltonian function. We shall examine this question somewhat quanti- 
tatively in the next few pacngragen, and we shall see that usually the S-P approximation is the 
better one. 

Before doing this we must caution that when we speak of the S-P and H-R theories, we always 
mean them in their most restricted forms, as this usage furnishes a terminology for different simple 
methods of approximation. Extended forms of the theories cease to be so sharply delineated. The 
original H-R paper did, indeed, treat all valence orbits of the central atom as identical and as 
effectively s-states, thus abnegating all directional valence effects, but Heitler and Rumer doubtless 
did not mean to imply that directional properties should not ultimately be considered in a more 
refined theory. Similarly, the S-P wave functions lend themselves particularly aptly to electron 
pairing, but both Slater and Pauling have abandoned the restriction to unique pairs or bond struc- 
tures in certain of their calculations, viz., those of Slater on the water molecule and especially those 
of Pauling on “‘resonance”’ in complicated organic molecules.” 

Under the assumption of electron pairing, the expression for the energy of formation of the CH, 
molecule is 


+ Weour.(CH) +6 X(—0.35)M(H2) (9) 


if one utilizes the Slater-Pauling hybridized wave functions. Here, as in Part II, the N’s have the 
significance 


(k, l= 2s, 2pe, or 2pm of C), (10) 


10W,. Heitler and G. Rumer, Zeits. f. Physik 68, 12 2L. Pauling and G. W. Wheland, J. Chem. Phys. 1, 
(1931). 362 (1933); L. Pauling and I. Sherman, ibid. 1, 679 
uJ. C. Slater, Phys. Rev. 38, 1109 (1931). (1933). 
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and, except for N,,, are the negative of ordinary exchange integrals. The portion of (9) involving 
the N’s, i.e., the C-H exchange contributions, was derived in Eq. (37) or (38) of Part II, when the 
angles in (37) or (38) are specialized to tetrahedral values. As compared with Part II, we now use a 
more complete expression for the energy of formation, as we now include the internal energy of 
excitation Wy(C) of the valence state of the C atom, given by (7) with ».=}, the Coulomb energy 
between the C and H atoms, an ionic term, and the energy due to forces between the hydrogen atoms, 
which is the last term in (9). The Coulomb portion was not explicitly included in (37) or (38) of 
Part II partly because it is somewhat subordinate to exchange terms, and especially because we 
were interested in II primarily in the dependence of the energy on the arrangement of the attached 
atoms. One can easily show that in compounds of the structure CWX YZ, wherein the C atom 
attaches any four univalent atoms W, X, Y, Z, and in which the C atom is in the configuration sp* 
either with or without hybridization, the Coulomb energy connecting the C atom with the attached 
atoms is independent of how these atoms are arranged in space as long as their distances from the C 
atom are not varied. Hence the considerations in Section 5 of Part II are not affected. In the 
present discussion the Coulomb energy must be included since we are considering absolute energy 
of formation rather than just directional dependence. 

The ionic term is included in order to allow for the fact that in CH, the C atom doubtless acquires 
some negative charge at the expense of the four hydrogens. This term, again, is important for absolute 
bonding energies, but probably does not vary greatly with the orientation of the valence axes, so 
that it was sufficiently allowable to omit the ionic effect in Part IT. 

In the last, or H-H term of (9), the symbol M(H:2) denotes a Morse function for the normal state 
of the Hz molecule. Following Eyring and Polanyi,!* we have assumed that H-H bonding can be 
represented by a Morse function, and that this bonding is ten percent Coulomb and ninety percent 
exchange. The factor —0.35=0.1—3X0.9 owes its origin to the fact that the exchange coefficient 
between members of different pairs is —}. The factor 6 is, of course, simply because there are six 
H-H pairs in all. According to the Raman data of Dickinson, Dillon and Rasetti on the moment of 
inertia of CH,4, the C-H and H-H separations are respectively 1.08 and 1.77 Angstroms. With 
r=1.77X<10-8, one finds = —1.18 volts. 

With the Heitler-Rumer theory, where the carbon atom is in a °S state, the expression correspond- 
ing to (9) is 


W(CHa) W(C+4H) —Na— Neer 2Nert Wion(CHa) + Weou.(CH,) +6X (—0.8)M(H2). 
(11) 


Here W(5S) is the excess of energy of sp* 5S over the ground state s*p? *P of C. The H-H term now 
has a factor —0.8= —1X0.9+0.1 rather than —0.35 because the spins of all the H atoms must be 
mutually parallel in order to be able to neutralize the spin S=2 of the C atom, and this requires 
that the exchange coefficient for each H-H pair be —1. Heitler and Rumer give +4(CH) for the 
C-H exchange term, where (CH) denotes the C-H exchange integral. However, they regard all four 
two-quantum orbits of the C atom as identical. When we allow for difference in sign convention, 
and distinguish between the various types (2s, 260, 27) of C orbits, their +4(CH) becomes replaced 
by —(N.e+Nes+2N;-), in our notation. This is fairly obvious from the fact that the 5S state of C 
has the structure 2s2p02p7* when referred to any set of Cartesian axes x, y, z.!4 Another derivation 
of the N terms will also be given in Section 5. 


13 H, Eyring and M. Polanyi, Zeits. f. physik. Chemie 12, _ for our work, and so we use the round value 90. 
279 (1931); H. Eyring, J. Am. Chem. Soc. 53, 2537 (1931). 4 For a quintet state involving four electrons, the 
Dr. A. Sherman informs the writer that it is better to Pauli principle allows only one electron to each orbital 
take the exchange part as 86 rather than 90 percent of the _ state. There are two kinds of 2pz states, viz., the left- and 
Morse function, at least in calculations of activation right-handed varieties, or orthogonal linear combinations 
energies. This modification is too small to be of consequence __ thereof. 


/ 
( 
te 
eff 
H 
in 
ot 
an 
th 
TI 
lis 
TI 
of 
th 
les 
lov 
if. 
th 
lat 
ref 
If 
m¢ 
av 
wi 
| 
sy! 
de 
rej 
ve 
ou 
the 
ha 
1 
(19 
Th 
Pay 
7 


STRUCTURE OF CH, AND RELATED MOLECULES 27 


The expressions N,., N;;, Nos are all positive, while V,, and M(H2) are negative. Hence all the V 
terms except that involving N,, have lower values in (9) than in (11), meaning that the C-H exchange 
effects tend to make the S-P structure more stable than the H-R one. The forces between the attached 
H atoms also favor S-P, as can be seen by comparing the last terms of (9) and (11). The first or 
internal carbon term is deeper in (11) than in (9), but not enough so to offset the influence of the 
other terms. To examine this point more quantitatively, let us assume that the first terms of (9) 
and (11) can be calculated respectively by (7) and Johnson’s formula with the constants (2), and 
that the constants involved in the other terms of (9, 11) have the following magnitudes 


Noc= +2.3, Nss = +2.0, Nix= — 0.6, Nos= +1.0, M(He) = —1.18 volts. (12) 


This choice for N,, and N,, is suggested by an analysis of C-H potential energy curves to be pub- 
lished by J. R. Stehn and the writer, as well as by Coolidge’s calculations on the H2O molecule.'® 
The basis for the choice of N,, will be given below. Coolidge’s work indicates a somewhat larger value 
of N,, than N,., but this does not allow for the fact that the 2s wave functions are screened less from 
the C nucleus than the 29, so that they are drawn in more and tend to overlap the hydrogen atoms 
less. Hence we take for N,, the round value two volts. 

With the choice of constants discussed in the preceding paragraph, the value of (9) is 10.2 volts 
lower than that of (11). The corresponding value of W(*S) is 4.9 volts (cf. Section 1). However, even 
if instead of using this theoretical estimate based on Johnson’s formula we take W(5S) =1.6 volts, 
the doubtful spectroscopic value sometimes quoted, the expression (9) is still 6.9 volts below (11). 

It is not surprising that the S-P approximation gives a firmer binding than the H-R one, for the 
latter lacks the favorable overlapping which is the essence of directional valence, and which is 
reflected particularly in the low value of the N,,, N,, terms in (9). The importance of directional 
valence is shown particularly clearly by the actual pyramidal structure of the ammonia molecule. 
If one makes a H-R calculation based on a 4S state of the nitrogen molecule, one predicts a plane 
model for the molecule, as the only directional effects are the H-H repulsions. This difficulty is 
avoided when one makes a calculation based on electron pairing and directed valence, as in Part II. 


5. COMPARISON WITH MorE ACCURATE SOLUTION, NOT REQUIRING ELECTRON PAIRING 


Eyring, Frost and Turkevich"® have ingeniously demonstrated that the secular problem connected 
with the permutation degeneracy in the Slater-Pauling sp* model of methane can be solved without 
the necessity of assuming electron pairing. This is feasible, as they show, because the tetrahedral 
symmetry permits extensive factorization of the secular equation, which otherwise would be of 
degree 14 for the states of zero spin. The factor in which we are interested corresponds to the Bethe 
representation I',, and leads to an algebraic equation for W of degree 3. This cubic is given in con- 
venient form by F. Seitz and A. Sherman in Eq. (19) of their paper,” which immediately precedes 
our own in the present issue, and so need not be repeated here. Their constants a, 8, y, 6, Q have 
the following significance in terms of the more rudimentary and fundamental constants which we 
have used 

8=0.9M(H2), (13) 


= Fo(2s; 2s) —2Fo(2s; 2p) + Fo(2p; 2p) +28 F2+4Gi, (14) 
—126=3Nist+ Noo (15) 


® A. S. Coolidge, Phys. Rev. 42, 189 (1932). diagonal and which hence facilitates the application of 

* Eyring, Frost and Turkevich, J. Chem. Phys. 1, 777 _ perturbation theory. In reference 16, a less convenient, non- 
(1933), orthogonal form is given. The writer is indebted to the 

™ F, Seitz and A. Sherman, J. Chem. Phys. 1, 11 (1934). various authors mentioned in notes 16 and 17 for the 
The appropriate cubic secular determinant is given in this opportunity of seeing their manuscripts in advance of 
Paper in a form in which W appears only down the principal _ publication. 
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Q=§[Fo(2s; 2s) +6Fo(2s; 2p) +9Fo(2p; 2p) —12F2—4G1]+1(2s) +31 (2p) 
— W(s*p? *P) + Wion(CHs) + Weour.(CHs)+0.6M(Hz). (16) 


Formula (14) is an immediate consequence of (6) specialized to tetrahedral angles. The term Q 
consists of six times the expression (5), so specialized, plus J(2s)+31(2p) —W(8P) and the proper 
inter-atomic terms, thus yielding (16). The formula for 6 is merely a statement of our apportionment 
of the Morse function for Hz between exchange and Coulomb effects. The values of a and 6 follow 
from the rotational transformation properties of sp* wave functions (cf. page 232 and Eq. (6) of 


Part IT.) 


If a is negative and large in absolute magnitude compared to 8, y, 6 the deepest root of the cubic 


equation mentioned above is approximately 


Here the terms outside the brackets embody the 
result of first order perturbation theory (reten- 
tion of only diagonal elements in Eq. (19) of 
Seitz and Sherman) and give exactly the same 
expression as that (9) characteristic of electron 
pairing. The bracketed part of (17) is yielded 
by second order perturbation theory, applied to 
the cubic under the assumption that a is much 
larger in absolute magnitude than the other 
constants. Use of (2), (8) and (12) in (13-16) 
gives 


a=—3.09, B=-—1.06, y=+0.67, 
56=—0.01 volt. (18) 


With these numerical values, the bracketed 
portion of (17) amounts to less than a tenth of 
a volt. Thus electron pairing is an exceedingly 
good approximation for a H-L-P-S calculation 
in methane. The particular numerical estimate 
of an error less than 0.1 volt which we have 
given is perhaps a little optimistic, since the 
particular choice (12) happens to make the 
constant 6, which appears prominently off the 
diagonal in the Seitz-Sherman Eq. (19), almost 
vanish. However, one finds that one can vary 
any of the constants (except N,,, which is 
fortunately probably the best known) a volt or 
so from the values (12) and-still the bracketed 
part of (17) usually remains less than a volt. 
Instead of using second order perturbation 
theory to gauge the error involved in electron 
pairing, one could, of course, solve the cubic 
numerically, and compare with (9), but this is 
clearly unnecessary. 

In the previous paragraph we examined the 
absolute error involved in electron pairing. It is 


W=Q+4a—38—3y—65—[9(6—25+ y)?/2(—4a—B— +68) ]. (17) 


also instructive to study the relative error in 
the sense of how large the bracketed term of 
(17) is compared to the separation of the roots 
of the cubic. One finds that with (18) and either 
first or second order perturbation theory, the 
other two roots are respectively 12 and 24 volts 
above (17), which alone represents favorable 
pairing. Thus the relative error is also small. 
The other roots are clearly not adapted to 
chemical bonding. 

It is clearly to be understood that although 
electron pairing is a good approximation for 
solving the cubic, this does not at all imply that 
the underlying Heitler-London procedure is 
satisfactory. Also electron pairing is not always 
feasible for other problems than methane. 
For instance, there is no natural scheme of 
pairing for Seitz and Sherman’s other cubic 
Eq. (17) which applies to eight atoms at the 
corners of a cube. 

If y is positive and large in magnitude com- 
pared with a, 6 and 6, the deepest root of the 
cubic Eq. (19) of Seitz and Sherman is 


Q-—67+35+a—68. 


With the aid of (13-16) and Johnson’s formula 
for W(5S) one finds that this is the same ex- 
pression as (11). We thus have an additional 
proof of (11) in the Heitler-Rumer theory. This 
does not, however, mean that use of (11) is 
legitimate, for (18) shows that y is not large in 
magnitude compared to the other constants. 
Consequently the spin of the central atom is not 
a good quantum number, and we again conclude 
that the H-R assumption of a central 5S state is 
not warranted. In short, Eqs. (9) and (11) are 
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asymptotic solutions of the cubic under different 
limiting conditions, which actually are nearly 
fulfilled only in the case of (9). | 

When inter-atomic terms are omitted, one of 
the roots of the cubic reduces, as we have seen, 
to the energy W(*S) of the quintet state of the 
carbon atom. We must not expect the other 
roots to reduce similarly to other of the Johnson 
levels given in Section 1, for in order to obtain 
the cubic, it was necessary for Eyring and his 
school to assume hybridized sp* wave functions. 
Now the states of the free C atom cannot be 
represented by hybridized, rather than pure s 
and pure ~, wave functions except in the special 
case of quintets. With the latter, the orbital 
portion of the wave function is antisymmetric, 
and hence when it is written out explicitly in 
the form 


where i, 7, k, 1 can be chosen from 2s, 2p0,, 2poy, 
2po;, the coefficients will vanish unless i, j, k, / 
all refer to different orbital states. The hybrid- 
ization of the central atom is thus only ‘‘appar- 
ent”’ when the spin of the central atom has its 
maximum value. Except when~ the Heitler- 
Rumer hypotheses are literally valid, there is 
always a certain amount of error committed in 
assuming that the complete molecular wave 
function can be constructed out of sp* wave 
functions. Hence even the cubic given by 
Eyring, Frost and Turkevich, or by Seitz and 
Sherman, does not represent a complete first 
order Heitler-London calculation. (As here used, 
the term “first order” means neglect of polar- 
ization, and has nothing to do with the orders 
involved in the two parts of-Eq. (17).) In other 
words, the L-S structure of the carbon atom is 
not rigorously treated by the inclusion of the 
y terms in their cubic determinant. Section 2 
shows that this structure is not of dominating 
importance, and so the resultant error is not 
serious, probably of about the same size as the 
terms of order 7? in (17). 


6. RELATIVE ENERGY OF CH, AND 4CH 


It is interesting to compare the expression (9), 
based on electron pairing, with the observed 
energy of formation of CH, from C and H 
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atoms. Not much in the way of numerical 
agreement is to be expected, since the N con- 
stants are not known accurately, and especially 
since (9) neglects triple and higher permutations 
and the lack of orthogonality of the various H 
and C wave functions. Because but little is 
known about the magnitudes of Weou, and 
especially Wion, it is instructive to compare the 
energy of CH, with that of 4CH rather than of 
C+4H. These magnitudes then do not enter if 
one assumes as a rough approximation that the 
Coulomb and ionic terms are four times as large 
for CH, as for the diatomic molecule CH. One 
can show’ that under the assumption of electron 
pairing, the energy of CH is 


W(CH) W(C+H) =k—NootNest 


+ Wion(CH) + Weou.(CH), (19) 


where k=0.315 volt is one-fourth the separation 
of the *P and 'D terms of the C configuration 
s’p?. Hence if as usual we take the ground state 
of C as the origin of energy 


W(CH,) —4W(CH) = Wy(C) —4k 
(7/2) Nest (3/2) 


—5.196N.,—2.10M(H2). (20) 


The actual bonding energy of CH, is 17.3 volts 
according to thermochemical data,'* while that 
of CH is 4.0 according to a rather uncertain 


18 Eq. (19) is proved by the same methods as given in 
Section 5 of Part II or in fine print in J. H. Van Vleck and 
P. C. Cross, J. Chem. Phys. 1, 357 (1933). Concerning 
the need of the & term see note 13 of the latter reference. 

19 This numerical value is taken from L. Pauling and 
J. Sherman, J. Chem. Phys. 1, 606 (1933). Mulliken bases 
his calculations on a lower value 15.8 volts. To facilitate 
comparison with Mulliken’s article, we have utilized 15.8 
rather than 17.3 volts as the heat of formation of CH, in 
all our estimates of the relative energies of CH; and CH, 
in Section 3. Use of 17.3 instead of 15.8 would not affect 
our conclusions in Section 3 that the gross energy per bond 
is greater in CH; than CH,, and that our theory leads to 
an energy for the reaction CH,=CH;+H of approxi- 
mately the proper magnitude 5 volts. This is all, of course, 
provided the promotional energy to the valence state of 
carbon is 7 volts or more. If it is only about 4 volts, as is 
the case provided there is really a *S state only 1.5 volts 
above normal, or provided we accept Beardsley’s numerical 
estimates of the F's and G’s, the gross energies per bond 
are nearly equal in CH; and CH,. In this case Wy(C)~4 
volts, Eq. (20) demands Nes=0.4 rather than 1 volt. 
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estimate by Mulliken” from band spectra. The 
empirical value of the left side of (20) is thus 
roughly —1.3 volts. This value is also obtained 
for the right side if one assumes that the various 
constants have the values (2), (6) and (12). 
These values were all obtained from semi- 
empirical, semi-theoretical considerations except 
that the value of N,, is then regarded as unknown 
and is arbitrarily adjusted to give (20) the 
observed value. One may also form a rough 
estimate of N,, from theoretical calculations 
involving the evaluation of inter-atomic integrals. 
Such calculations of Ireland*! on BeH suggest 
that N,, should be somewhat larger than N,, 
or N,,, although exact comparison is difficult 
because the N’s are not uniquely defined unless 
the various wave functions are orthogonal, which 
actually they are not. Thus one would guess that 
Nes is at least as large as 2 volts. Some reasons 
why our estimate 1 volt by means of (20) may 
be too low are the following: (a) Ns, which gives 
an important term in (20) may be less than 2 
volts, (b) the values of Wy(C) may be a volt 
or so more than 7.0 volts for reasons explained 
in Section 2, (c) we have not considered the 
corrections for the ‘‘zero point” or residual half- 
quantum vibrational energy, (d) the Coulomb 
terms of CH, may not be 4 times as great as 
those of CH. Use of a factor 4 seems warranted 
in the ionic part, but the Coulomb energy of 
CH, is only 8/3 that of CH if,one assumes for 
instance, that the Coulomb integrals involving 
2po and 2s are equal, while those for 2pm are 
negligible. The residual vibrational terms will 
cancel to a large extent in a comparison of CH, 
with 4CH, but not entirely so, since CH, has 
more than four times as many vibrational 
degrees of freedom as CH. It is doubtful, how- 
ever, whether all these effects (a)—(d) alter the 
right side of (20) by more than a few volts, so 
that according to (20) it is hard to see how N,, 
could in any case be more than 1.5 or possibly 
2 volts. This still seems somewhat small, but 
one yet has the errors due to non-orthogonality 


20R. S. Mulliken, Rev. Mod. Phys. 4, 80 (1932). 
21 C, Ireland, Phys. Rev. 43, 329 (1933). 


and higher permutations, and even when these 
errors are eliminated, Heitler-London calcula- 
tions seldom agree quantitatively with experi- 
ment. In any case one qualitative conclusion is 
clear. It is purely accidental that the bonding 
energy in CH, is almost exactly four times that 
in CH. The exchange and hybridization effects 
are such that the gross energy per CH bond is 
greater in CH, than in CH. However, the CH, 
molecule involves excitation of the C atom to 
the sp* state, and H-H repulsive energy, both of 
which do not enter in CH, and this is why the net 
energies per bond can fortuitously be nearly 
equal in CH, and CH. 

Before closing, we must by all means mention 
that a calculation of the heat of formation of 
CH, has also been made by H. J. Woods.”? He 
endeavors to compute the absolute bonding 
energy, or in other words compares CH, with 
C+4H rather than 4CH. Like us, he assumes 
electron pairing, although he does not list the 
contribution of the various elementary integrals 
in quite the explicit form (9). He does not include 
any ionic term or examine at all closely the 
internal energy of the C atom, and we are in- 
clined to believe that the good agreement which 
he obtains with experiment is in part accidental.”* 
In many respects Woods’s calculations represent 
considerably more refinement than ours. In 
particular, he considers the corrections arising 
from want of orthogonality, and to a certain 
extent the higher permutations. Also he proceeds 
to his answer by really evaluating the inter- 
atomic integrals such as (10), etc., a task which 
we have eschewed throughout the present series. 
Since the numerical success of the Heitler-London 
method is now known to be rather limited, we 
have concentrated primarily on the study of the 
semi-quantitative results, notably the directional 
effects, which can be deduced from the general 
structure of the formulae without the need of too 
accurate numerical knowledge of exchange 
integrals and the like. 


22H. J. Woods, Trans. Faraday Soc. 28, 877 (1932). 

23 1f the promotional energy to the valence state of C 
is 7 volts, the gross energy per bond in CH, is 6 volts, 
rather than 5 as stated by Woods. 
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Potassium Superoxide and the Three-Electron Bond* 


Epwarp W. NEvuMAN, California Institute of Technology 
(Received November 14, 1933) 


The highest oxide of potassium is shown to be para- 
magnetic, with a susceptibility corresponding to the 
formula KO», the crystals being supposed to contain O- 
iong in a *II state. The electronic structure :Q:Q:- is 


proposed for the superoxide ion. It is suggested that the 
substance be called potassium superoxide rather than 
tetroxide. 


N stating his rule that the number of valence 
electrons present in a molecule is a multiple 

of two, Lewis! pointed out that a number of 
substances, namely, NO, NOs, ClOs, the so- 
called free radicals of Gomberg, and the divalent 
nitrogen compounds of Wieland, are exceptions 
to the rule, inasmuch as the molecules of these 
substances contain an odd number of valence 
electrons. He termed such molecules ‘odd 
molecules.”” He noted that they are paramag- 
netic, and that most of them absorb very 
strongly in the visible region of the spectrum, 
that is, are highly colored. ; 

In order to account for the stability of NO, 
NOz, etc., Pauling,” in a discussion of the nature 
of the chemical bond, argued that no single 
electronic structure with the odd electron on a 
given atom can satisfactorily represent the 
structure of the molecule. He then introduced 
the idea that the molecule resonates among 
several electronic structures, the accompanying 
extra resonance energy tending to stabilize the 
molecule. Thus in the case of NO he postulated 
two structures which were represented by 
:N::0:and :N::0:. He found these two 


' structures to have nearly the same energy, in 


which case resonance between them would lead 
to a more stable combined structure having a 
double bond and a three-electron bond, which he 
represented by :N::O:. A similar treatment 
was accorded NO: which he represented by 


* Contribution No. 387, Gates Chemical Laboratory. 

1G, N. Lewis, Valence and the Structure of Atoms and 
Molecules, p. 80. Chemical Catalog Co., 1923. 

* Pauling, J. Am. Chem. Soc. 53, 1367 (1931); 53, 3225 
(1931). 


31 


3), the double bond 
changing places regularly with the single and the 
three-electron bond. He also discussed the 
normal state (*) of the oxygen molecule, con- 
taining one electron-pair bond and two three- 
electron bonds, corresponding to the structure 

Recently Brockway’ has examined ClO: by 
electron diffraction methods, and has found that 
the observed chlorine-oxygen distance in this 
compound is compatible with the presence of a 
three-electron bond and an electron-pair bond 
between the chlorine and one oxygen, and an 
electron-pair bond between the chlorine and the 
other oxygen. He represented this electronic 
structure by (:0:C1:0:, :0:Cl:0:). 

The highest oxide of potassium is commonly 
known as the tetroxide, K2O,. A reasonable 
electronic structure for the O;- ion is 
:0:0:0:06 =. Such a structure corresponds 
to a colorless and diamagnetic substance. If, 
however, the formula of the substance were 
KOz, it would contain O.~ ions, for which we 
could write the structures :0:0:- and 
:G:QO:. These two have the same energy; 
resonance between them would give a “II state, 
:Q:Q =, with a three-electron bond between 
the oxygen atoms. An ion such as this, con- 
taining an odd number of electrons, would cause 
the substance to be paramagnetic, and probably 
colored. 

The substance actually has a deep orange 
color at ordinary temperatures, suggesting the 


3L. O. Brockway, Proc. Nat. Acad. Sci. 19, 303, 868 
(1933). 
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formula KOs. In order to decide definitely 
between the two formulas, I undertook, at the 
suggestion of Professor Linus Pauling, the deter- 
mination of the magnetic susceptibility. The 
substance was found to be paramagnetic, with a 
susceptibility corresponding to a Bohr magneton 
number of 2.04 at room temperature. This is 
close to the value 1.73 for the spin moment of 
one unpaired electron, and to the value 1.84 for 
a II molecule with doublet separation as in NO, 
as calculated by Van Vleck, the disagreement 
being explicable as resulting from experimental 
error or possibly from mutual interaction of the 
magnetic dipoles in the condensed phase. Hence 
we may say with confidence that the highest 
oxide of potassium has the formula KO». In 
view of this, the usual name potassium tetroxide 
seems unsatisfactory; at the suggestion of Pro- 
fessors W. C. Bray and E. D. Eastman of the 
University of California we propose that the 
substance be called potassium superoxide. The 
superoxide ion, :0:0O:-, occupies an inter- 
mediate position between the peroxide ion, 
:O :O =, and the normal oxygen molecule, 

I am indebted to Professor Pauling for sug- 
gesting the investigation. 


EXPERIMENTAL PART 


Preparation of the oxide 


Potassium superoxide was prepared by slow 
burning of potassium metal in incompletely dried 
oxygen at 300°. The apparatus used is shown 
diagrammatically in Fig. 1. About 15 g of 
potassium was first washed in ether to remove 
the oil from the surface. The apparatus was 
swept out with dry nitrogen after which the 
metal was placed in chamber A. The metal was 
then melted and filtered through the glass wool 
pad at the base of A into the vessel C, the volume 
of which was 50 cc. A slight pressure of nitrogen 
was found necessary to force the molten metal 
through the filter pad. The apparatus was next 
sealed at B and the metal slowly distilled into £. 
_ The distillation was carried out under reduced 
pressure and took place at about 200°. A portion 
of the distillate was retained in the tubes F for 
tests on the purity of the metal by means of 
magnetic measurements. When cool, the appa- 


ratus was placed under a slight pressure of 
nitrogen at G, the tubes F were then sealed off 
and the apparatus broken at D. The vessel E 
was then placed in a metal bath (m.p. 65°) and 
raised slowly to a temperature of 300°. At the 
same time a stream of nitrogen was passed 
through the apparatus, through D. Pure oxygen 
which was washed in concentrated sulfuric acid 
and passed through soda lime and calcium 
chloride in tubes 30 cm long was then gradually 
substituted for the nitrogen. The gas was pasged 
slowly into the apparatus with constant heating 
for 50 hours. At the end of this time the potas- 


Fic. 1. Apparatus for distilling potassium and preparing 
potassium superoxide. 


sium had been completely converted into the 
superoxide in the form of an orange powder. The | 
product was allowed to cool in a stream of 
oxygen and the apparatus was finally sealed at 
G and D. Because of the great reactivity of the 
oxide with moisture and carbon dioxide in the 
atmosphere all subsequent manipulations of the 
compound were carried on in a “dry chamber.” 
Even here the substance absorbed some moisture 
on standing more than an hour. The oxide was 
analyzed for alkali by titrating its aqueous 
solution with standard acid. The percent potas- 
sium was 1.8 percent higher than required by 
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the formula KO, or KO:; this discrepancy may 
be due to water absorbed during manipulations 
attendant on grinding and weighing the samples. 

The behavior of the potassium during oxida- 
tion was the same as reported by Holt and 
Simms.‘ The oxygen used was dried as described 
above on the recommendation of these authors. 
They found that more thorough drying is unde- 
sirable since it becomes extremely difficult to 
burn potassium in extremely dry oxygen. 


Magnetic measurements 

The magnetic susceptibilities of the oxide, a 
sample of the metal from which it was prepared, 
and of an aqueous solution of the oxide were 
measured in the usual manner. A Sartorius 
micro-balance was used for the weighings. 
Acknowledgment is here made to Dr. Alfred 
Faessler of the Norman Bridge Laboratory of 
Physics for the kind loan of his apparatus. 

The substances measured were enclosed in 
glass tubes 0.17 cm in diameter and with ends 


4 Holt and Simms, J. Chem. Soc. T. 432 (1894). 


sealed off square. These tubes were sections from 
the same piece of glass tubing. 

Potassium was found to be slightly para- 
magnetic, with a volume susceptibility of 
0.40 X10-* at 21.5° in a field strength of 13,290 
gauss. This is slightly lower than the value of 
0.52 X10-* reported in the International Critical 
Tables and shows that the metal used was free 
from paramagnetic and ferromagnetic impurities. 

Potassium superoxide was found to be para- 
magnetic. The volume susceptibility was 30.44 
X10-* at 25.6° in a field strength of 8740 gauss. 
The effective Bohr magneton number was cal- 
culated from this to be 2.04 for the formula KOs>. 

The aqueous solution of the oxide was slightly 
diamagnetic as would be expected of a pure 
solution of potassium hydroxide. This indicates 
that the paramagnetism exhibited by the oxide 
was inherent to the oxide and not to impurities. 
All of the values reported above have been cor- 
rected for the magnetic effects of the enclosing 
tubes. 
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The Structure of the Hypophosphite Group as Determined from the Crystal Lattice 
of Ammonium Hypophosphite 


W. H. ZACHARIASEN AND R. C. L. Mooney, University of Chicago 
(Received November 13, 1933) 


The crystal structure of ammonium hypophosphite was 
examined in order to determine the size and shape of the 
hypophosphite group. The crystals are orthorhombic- 
holohedral with the dimensions of the unit cell; a=3.98A, 
b=7.57A, c=11.47A. There are 4 molecules NH4(H2PO>2) 
in the cell, and the space group is Acmm( V2"). The com- 
plete structure is given by the following parameter values: 
4 N in +(030), 4 P in +(u,03) with 27u,=195°+5°; 
8 O in +(u0v2) with 2rug=125°+5° and 2xv.=49°+2°; 
8H in +(u3v2) with 2ru3=290° and 27v3=51°; 16 H in 
+(xyz). The parameter values for phosphorus and oxygen 
were determined directly from the observed intensities of 
reflections, whereas the hydrogen values are based upon 
reasonable assumptions. The hypophosphite group has the 


shape of a distorted tetrahedron; two of the tetrahedral 
corners being occupied by oxygen atoms and the other two 
by hydrogen atoms. The phosphorus to oxygen distance 
is 1.51A and the angle between the phosphorus to oxygen 
bonds 120°. The distance from phosphorus to hydrogen 
is 1.5A and the angle between the P—H bonds 92°. Each 
ammonium radical is surrounded by four oxygen atoms at 
a distance of 2.81A and by four hydrogen atoms at a dis- 
tance of 3.08A. There is strong indication that the am- 
monium radical is not rotating, afid that hydrogen atoms 
of the NH,-groups are linked to the surrounding oxygen 
atoms as well. The hydrogen atoms of the hypophosphite 
group behave toward ammonium as if they were H™ ions. 


OR a number of years one of us has been 
making systematic investigations with the 
purpose of determining the exact shape and di- 
mensions of inorganic groups in crystals. With 
recent developments in the theory of chemical 
binding examinations of this kind get additional 
significance. The experimental data which are 
available concerning the structures of the oxy- 
genic radicals of atoms in the first two rows of 
the periodic system are now fairly extensive, al- 
though far from complete. Notably the data on 
boron-oxygen and on phosphorus-oxygen groups 
are very few. Of the latter groups only the struc- 
ture of the ortho-phosphate radical has been 
determined. It is the purpose of the present 
paper to describe the results of an investigation 
on the structure of the hypophosphite group. 
The ammonium compound was chosen as suit- 
able for the examination. The crystals were pre- 
pared for us through the kindness of A. E. Sidwell 
of the Jones Chemical Laboratory of this univer- 
sity. They conform to the description given by 
Groth! who reports them as orthorhombic bi- 
pyramidal with axial ratios: a:b :c=0.5276: 


1P,. Groth, Chemische Krystallographie, Vol. 2, p. 770, 
Leipzig, 1908. 
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1: 1.5137. The density was determined by us 
with the suspension method and gave the value 
1.634. 

The x-ray data consisted of Laue and oscilla- 
tion photographs. For the latter Mo K radiation 
was used. For the dimensions of the orthorhombic 
unit cell we found: a=3.98A, b=7.57A,c=11.47A 
—accuracy 3} percent. By using the density 
given above, it is readily seen that the unit 


cell contains 4 molecules NH,H2PO:2. The space 


lattice is base centered since reflections were 
only observed from planes hkl for which k+/ 
is even. Furthermore, planes Ok/ reflect only if 
k and / both are even, indicating that the space 
group is Acmm(V,?').. It was a comparatively 
easy task to determine the distribution of the 
atoms among the available positions of the space 
group. We found: 


4 atoms in +(0}0), +(034) 
4 P atoms in +(u,0}) +(u133), 
8 Oatoms in +(u20v2), +(u203—v2), 
(U2}02+ 2) + 


The hydrogen atoms have a negligible influence 
on the amplitude of the scattered radiation ; their 
positions will therefore be discussed later. 
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STRUCTURE OF THE HYPOPHOSPHITE GROUP 


The determination of the three parameter 
values for phosphorus and oxygen entirely on the 
basis of the observed intensities of reflections 
presented no serious difficulties. The values are: 
2ru,;=195°+5°, 2xu2=125°+5° and 
+2°, 

The good agreement between calculated ampli- 
tudes and observed intensities, to be seen in 
Tables I, II and III, constitutes the ultimate 
proof of the correctness of the parameter values 
for nitrogen, phosphorus and oxygen. The scat- 
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tering powers for phosphorus and oxygen have 
been experimentally determined by J. West? for 
potassium dihydrogen-phosphate. The scattering 
power of nitrogen (or more correctly of the am- 
monium group) we assumed to be the same as for 
oxygen. 

Two-thirds of the hydrogen atoms per unit 
cell are associated with nitrogen atoms to form 
the ammonium ions. These hydrogen atoms will 
be referred to as H; atoms. The ammonium radi- 
cals may or may not be rotating in the crystal. 


TABLE I. Reflections Okl.* 


06] siné/A TI 


0.132 
158 
.219 
293 
373 
455 


020 
022 
024 
026 
028 
02.10 
02.12 


002 
004 
006 
008 
00.10 
00.12 


0.087 
174 
436 
523 


060 0. w+ 
062 = =«. Ww 
064 nil 
066 vw 


301 sin 


300 0.378 
302. .387 
304 415 
306 .459 
308 .513 


TABLE III. Reflections hkO and hkl. 


Ok sin 1kl sin F sin 


I F sin 4kl sin 6/r 


_ 200 0.251 
63 


1 
0.132 
3 


w 
nil 


wt 


* I=Observed intensity; F=calculated amplitude. 


2J. West, Zeits. f. Krist. 74, 306 (1930). 


|_| 
04 siné/A I F F 
vs 63 040 0.264 vs 69 27 
s —18 vs —64 042 278 wt 27 —28 
m 10 w+ —-—27 044 316 w 10 -—7 
vw- 3 m —24 046 372 vw 0 —16 
vs 48 m 25 048 38 
wt —24 m— —32 04.10 510 w— —16 
10. nil 0 
TABLE II. Reflections h0l.* 
00/ F 10/ sin6/A I F 201 TI F F 
100 0.127 s —39 200 0.251 m a7 tr 16 
002 0.087 s —18 102 153 vs 61 202 .266 vw -—5 w 20 
004 174 m 10 104 215 vw 13 204 306 6s 39 w -—19 
006 .262 vw— 3 106 .290 s 25 206 363 w- -—9 w+ 24 
008 349 vs 48 108 371 =m —18 208 430 w+ 17 nil 6 
00.10 436 wt —24 10.10 454 m— 27 20.10 503 nil -3 
00.12 523 vw- 10 
F 
100 0.127 —39 27 300 0.378 t 16 400 0.503 il 3 
01 111 =.148 —23 wit 10 311 .385 9 411 .509 —-18 
s 63 120 .182 s+ -77 220 .284 vw-— -5 320 .400 vw —4 420.520» nil 
01 113.193 m+ —27 213 .291 m 25 313 .404 w+ —14 413 .523s nil 8 
022 .158 s —64 122. .202 w+ 11 222 .297 m -31 322 tr 1 422 =.527 «nil —12 
031 131 .239 vw+ —14 231 .323 «nil 7 331 428 vw 431 .542 vw- —17 
024 .219 w —27 124 .252 m— —27 224 .333 w 13 324 436 wt+ —35 
015 115 .260 w+ 29 215 .339 m —29 315 440 w+ 15 
033 133.269 w— 233 «4.346 wt 21 333 «(£445 —13 
040 «.264 s— 69 140 .292 w+ —23 240 .364 wt 19 340 .460 nil 10 
042 «4.278 w —13 142 .205 m— 35 242 .375 vw 342 468 vw 16 
026 .293 w+ -—24 126 vw— 2 2263 «6.386 wt —26 326 9 
035 135 .320 w+ 23 235 .387 wt —25 335 478 w- 14 
017 117 .337 tr 1 217 tr 4 317. vw+ 
044 «4.316 vw 10 144 =.340 nil 6 244 404 w+ 30 344 .492 vw+ —16 
051 151 .356 nil -8 251 nil 4 351 .503 vw— 7 
053 153.377 vw —15 253 .435 vwt+ 17 353.518 vw —12 
037 137 nil 237 442: 4 337 «.524 tr -9 
046 =.372 nil 0 146 .392 w 22 246 .449 vw -9 346 «6.529 vw— 19 
028) «4.373 w+ 25 128 §=6.393 w+ —35 228 ~=«.450 3 328 nil —6 
0S5 155 415 vw- 16 255 469 w-— —20 355 .546 vw 12 
060 .396 w+ 27 160 .415 w+ —34 260 ~=«.469 nil 1 360 
019 119 =.417 nil -9 219 .471 nil 5 319 6 
062 —28 162 .424 vw 9 262 477 vw 
064 .433 164 .451 vw —14 264 .500 vvw 10 
048 1.437 38 148 .455 —14 248 vwt+ 14 
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Each nitrogen atom is surrounded by four oxygen 
atoms at a distance of 2.81A. The four oxygen 
atoms form an almost regular tetrahedron around 
nitrogen, the angles between the connection lines 
N—O being 95°, 113° and 121°. This fact indi- 
cates rather strongly that the H; atoms are 
linked to the oxygen atoms as well. We shall see 
later that considerations of the N—O distances 
support this view. Accordingly the ammonium 
groups are not rotating and the H; atoms must 
be placed in general positions +(xyz), etc., with 
such values of x, y and z as would place the 
hydrogen atoms somewhere along the connection 
lines N—O. 

Now let us consider the remaining one-third of 
the hydrogen atoms in the unit cell. These atoms 
we will refer to as H;;. Two possibilities will be 
considered: (1) NH4sH2POs is a true acid salt 
(2) the hypophosphite radical is (HePO2)~ with 
the two hydrogens attached directly to phosphor- 
ous. Of course, the chemists have accepted the 
latter possibility as the correct one, because of 
the mono-basic character of the hypophosphor- 
ous acid. However, we found it to be of interest 
to disprove case 1 by direct evidence. 

We know the crystal lattice of two acid salts 
(KH2PO, and and of one acid (H;BOs;) 
with great accuracy. The hydrogen atoms are in 
every case attached to two oxygen atoms forming 
collinear groups O —H —O with an O—O distance 
of 2.55A or 2.71A(H3;BOs3). Obviously this is the 
characteristic feature of crystalline oxygenic 
acids and acid salts. Now in the present crystal 
the closest distance between two oxygen atoms 
(which are attached to different phosphorus 
atoms) is 3.45A. Consequently there is no possi- 
bility for having an O—H —O group of the proper 
size, and NH,H2POs, is not to be termed an 
acid salt. 

In agreement with chemical evidence we are 
therefore led to believe that the Hy; atoms are 
attached directly to phosphorus. 

It is reasonable to suppose that the four bonds 
of phosphorous are directed more or less toward 
the corners of a tetrahedron. This means that the 
H,; atoms are lying in positions -+(u3v3}), 
+ (is, 3—V3, 4), + (as, vs+3, 4), +(us, v3, 4): As- 
suming a distance of 1.50A for phosphorus to 
hydrogen, the ammonium to hydrogen. distance 
becomes about 3.1A. This indicates a binding 
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between NH, and Hy, so that an Hy; atom is 
linked to one phosphorus atom and two am- 
monium groups. It is logical to assume that 
these three bonds from hydrogen (to one P and 
two NH,g) are lying in one plane. This latter as- 
sumption together with the assumed P—H dis- 
tance of 1.50A fix completely the positions of the 
H,;; atoms. The parameter values become: 
2ru3= 290°; 27v3=51°. 

It now remains to be seen if our assumptions 
lead to a reasonable structure for the hypo- 
phosphite group. (It should be emphasized that 
the phosphorus and oxygen positions were deter- 
mined directly from the observed intensities of 
reflections.) Phosphorus is linked to two oxygen 
atoms at a distance of 1.51A with a maximum 
error of 0.11A. The angle between the P—O bonds 
is 120° with a maximum error of 8°. The oxygen to 
oxygen distance is 2.61A. With the accepted Hy; 
parameters one finds the angle between the P—H 
bonds to be 92°, while the angle between a P—O 
and a P—H bond becomes 117°. This is a reas- 
onable result: In replacing two of the oxygen 
atoms in the PO,-group by hydrogen atoms it is 
to be expected that the initial tetrahedral angles 
between bonds will be modified. On general 
grounds the repulsion between two oxygen atoms 
(not linked together) must be greater than be- 
tween an oxygen and a hydrogen atom, and this 
again greater than for two hydrogen atoms. 
Hence we should expect the angle between the 
P—O bonds to be greater than the tetrahedral 
angle, the angle between the P—H bonds to be 
less than the tetrahedral angle. The H—H dis- 
tance in the group is 2.16A and the H—O 


distance 2.45A. 


Around each ammonium group there are four 
oxygen atoms at a distance of 2.81A and there 
are four H;; atoms at a distance of 3.08A. The 
coordination number thus is 8. The crystal radius 
of the rotating ammonium ion is 1.44A.° The 
calculated NH,—O distance for coordination 
number 8 (reference 3) is 3.02A, which is con- 
siderably higher than the observed value of 
2.81A. The difference is far greater than can be 
accounted for by the approximation involved in 
the conception of ionic radii. It is logical to 
attribute the cause of the discrepancy to a non- 


3 W. H. Zachariasen, Zeits. f. Krist. 80, 137 (1931). 
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rotating ammonium group, i.e., that the observed 
distance of 2.81 refers to the N—O distance in 
group N—H-—O, rather than to (NH,) —O. It is 
to be recalled that the presence of nonrotating 
ammonium radicals was made plausible also by 
another observation. 

It is a well-known fact, tested by scores of ob- 
servations, that the oxygen atoms in oxygenic 
radical ions (as (CO;)-*, (NO3)-, (SO,)~, 
(ClO,4)-, (ClO3)-) behave as O~ ions at least 
with respect to the cations linking the radicals 
together. We may try if the same applies to the 
hydrogen atoms in the hypophosphite group. 
That is to say: Will the H;; atoms behave as H~ 
ions with respect to the (NH,) ions? From the 
recent data on the structure of the alkali hy- 
drides* we deduce a radius of 1.52A for H~. With 
this value we calculate an (NH,4)+—H- distance 
of 3.09A (for coordination number 8), while the 
observed value was 3.08A. 

Indeed the conception of ions permits fairly 
accurate predictions of interatomic distances 
even in radicals, where the binding only in part is 


*E. Zintl and A. Harder, Zeits. f. physik. Chemie B14, 
265 (1931). 


HYPOPHOSPHITE GROUP 37 


ionic. Thus we may think of the hypophosphite 
radical as consisting of ions: (H2~P+°O,-*)-. The 
crystal radii of these ions are all known (reference 
3) so that we may calculate the interionic dis- 
tances. We find 1.56A and 1.48A for Pt®—O-? 
and P*®—H-, respectively, while we observed 
1.51A for P—O and assumed 1.50A for P—H. 


= 


cell ATA 


Fic. 1. The drawing shows the structure projected on the 
a-face. Large filled circles represent ammonium groups, 
small filled circles phosphorus atoms. Large open circles 
represent oxygen atoms, while the small open circles repre- 
sent the hydrogen atoms (H;;). The ammonium groups all 
lie in the plane of the paper. The attached numbers indi- 
cate for the other atoms their height in A above the plane 
of the paper. Bonds are indicated by connection lines. 
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On the States of Aggregation 


K. F. HERZFELD AND MARIA GOEPPERT-MAYER, The Johns Hopkins University, Baltimore, Maryland 
(Received October 23, 1933) 


The problem of investigating systematically the possible 
states of aggregation has not yet been attacked. It has 
been approached here in the hope of getting a deeper in- 
sight into the nature of the liquid state. After a discussion 
of the general methods, a simplified one-dimensional 
model is introduced. It was possible to find the exact 
equation of state. However, it turned out that in this case 


a single (gaseous) state exists. This is due to the presence 
of aggregates of all sizes. It is found that the existence of 
at least one condensed state is possible only if the change 
in free energy that occurs when an atom is added to a 
large aggregate is higher than the change that occurs in 
the addition of this atom to a small molecule. No progress 
could be made in the understanding of the liquid state. 


I. INTRODUCTION 


N attempting to obtain some insight into the 

nature of the liquid phase,! we were struck 

by the absence of a general method of investigat- 
ing which states of aggregation are possible. 

If we know all the properties of an isolated 
molecule, but had never experienced matter in 
bulk, we might have predicted theoretically a 
state of low density and complete disorder, the 
gas, and also perhaps a state of high density and 
perfect geometrical order, the crystal. 

Historically the van der Waals equation is an 
attempt to explain the existence of the liquid 
phase, but gives no account of the solid state. 

In this paper, an endeavor was made to deduce 
exactly the general equation of state under 
simplified assumptions concerning the molecular 
interaction. 


II. GENERAL THEORETICAL CONSIDERATIONS 


Thermodynamically, the free energy F as a 
function of volume and temperature determines 
the properties of the substance. The pressure is 
obtained from the equation p= —dF/dv. To de- 
termine the number of states of aggregation 
possible at a given temperature, one follows the 
isotherm (V) at constant temperature. At 
transitions between two phases one of two phe- 
nomena may occur. Either there are no metasta- 
ble states, in which case the isotherm should be 


1See also J. A. Prins, Naturwiss. 19, 435 (1931), O. 
Kratky, Phys. Zeits. 34, 482 (1933). 
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horizontal at the transition pressure (vapor 
pressure or pressure of fusion) between the 
specific volumes of the two phases; or if there are 
metastable or unstable phases possible between 
the two phases (van der Waals equation), the 
pressure curve should have a maximum and 
minimum. 

The kinetic theory then should provide a 
method for the deduction of the isotherms in the 
whole volume-range. Provided we remain in the 
region of classical physics, the volume-dependent 
part of the free energy of N identical molecules 
is given by the phase integral: 


@=e-F/kT 


Here xnYnZn are the coordinates of the mth mole- 
cule, while E(x:--+zy) is the mutual potential 
energy of the molecules in a given position. The 
integral is to be extended up to the walls of the 
vessel. 

This method, however, seems not to lead to 
metastable states. The pressure deduced from & 
is the weighted average for all states possible at 
a given volume and temperature. Now metastable 
states are, of course, states that will occur very 
rarely in the course of events. For example, if we 
have a vessel almost filled with a liquid, while the 
rest of the volume is filled with vapor, we have 
a possible metastable state, in which the whole 
material is in the liquid state, but the liquid is 
adhering everywhere to the walls under a nega- 
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tive pressure. Now it is quite clear that the prob- 
ability of this state is very small, as it will happen 
exceedingly rarely that the liquid in the almost 
filled vessel suddenly expands through Brownian 
motion, and fills the vessel completely. Therefore 
the average properties given by the phase integral 
will be the properties of the normal state and we 
should, from its use, always get curves of the 
type described in the first alternative. We do not 
know of any general statistical method that 
would give us the metastable states. The diffi- 
culty consists, of course, in the lack of a sharp 
definition of a state, except by the external 
variables, volume and temperature.* 

Tammann? has adduced reasons against the 
possibility of a continuity between the liquid and 
crystalline states. However, from the standpoint 
of general statistical mechanics, which we have 
described here, we cannot see any objections 
against the postulate to find all the possible 
states, including the crystalline, from a single 
formula, like formula (1). It might be that Tam- 
mann’s objections are taken care of by the ab- 
sence of the metastable states, and their replace- 
ment by a sharp break in the isotherm, as 
described above. We have not succeeded in actu- 
ally evaluating the phase integral, except in a 
very simplified case, which will now be treated. 


III. SIMPLIFIED ONE DIMENSIONAL MODEL 


We consider N molecules which can move in a 
straight line over a distance L. If each molecule 
has a diameter d, the free space is L—N d=V, 
and everything will behave as if we had point 
molecules in a line of length V. We make the as- 
sumption that only neighboring molecules act 
on each other. Their interaction energy ¢, de- 
pends on the distance between them. If x, denotes 
the coordinate of the vth molecule, and if we 
further assume that also the origin (the wall at 
the left) behaves like a molecule and exerts the 
potential energy e(x,) the total energy E becomes 


E= +€(x2—%1) +€(x3—x2) 


—xy-1). 


* Added in Proof: The problem has been solved by Pro- 
fessor Otto Stern during a conversation. He pointed out 
that the portion of the phase space belonging to the 
metastable state must be surrounded by a potential bar- 
rier calculated per molecule high compared with kT. 
*G, Tammann, Aggregatzustande, p. 41, Leipzig, 1922. 
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The integral (1), which takes the form* 


Vv Vv 
-{ dx; | 
z 


can be transformed by introducing the mutual 
distances 


tn = — Xn 


into 


y 
o- e~alkT de, 
0 0 
f e-*wikT dey, (2) 
0 


It is simpler not to express x by ¢ in the upper 
limit. We now assume e, to have the simplest 
form; that is 

n < Yo, 


En = 0 Sn > To, 
so that the total energy curve is given by Fig. 1. 


Distance between Centers 


Fic. 1. Mutual potential energy of two molecules. 


The formula is evaluated in Appendix I. 
The result is, with the abbreviation et/*7=a: 
For V>Nro 


Aro)*. (3) 
N! ° 


For V<Nro we define N’ through 
<(N’+1)ro and find 


1 
@=— > same expression. (3’) 
N! ° 


3 N! has been left out in the denominator because there 
is no exchange of particles possible here. 


40 


For V this becomes 


&=(aV)%/NI. 


These formulae are exact. 
For very large volumes we find of course 


@=(1/N!)V*, 


which is the formula of the ideal gas (with finit€ 
molecules). We have the same formula, only with 
the addition of a potential energy ¢, also in 
case (3’’). 

We might expect equilibrium between gas wii 
a condensed phase in the following region: T a 
fraction of (Ne/R) (Ne the heat of evaporation), 
the volume in the interval between the volume of 
the saturated vapor, that is V~ Nroe‘/*7, down 
to the volume of the condensed phase. 

The formula (3) has been evaluated for this 
region in which (1/a)=e~*/*” is small, in Ap- 
pendix II. The result is: Define x and y through‘ 


x=(roNV/V)a, (4) 
(x/y)(1—y)?=1. (5) 
Then for large numbers of molecules V 
To calculate the equation of state, we form 
p 


RT av 


(6) 


=+4 In BUN 


Now from (5) 
1—y= (1/2x)((1+4x)!—-1] 


RT (! -1]. 


4% is the ratio of the saturation volume to 
the volume V. 


K. F. HERZFELD AND 


M. GOEPPERT-MAYER 

It is clear that this formula does not show any 
region where p is independent of V (nor any 
maxima or minima). Accordingly, there are no 
transition points, i.e., there exists only a single 
phase. 

Recently N. Fuchs® has investigated the ad- 
sorption-isotherm assuming that the adsorption 
occurred on a one dimensional system (edge) and 
that the adsorbed particles vibrated around 
fixed points of the adsorbing substance. He 
found, in agreement with our result, no break in 
the isotherm, that is, no phase change in the ad- 
sorbed substance. 

It is possible to get a deeper understanding of 
this result. 

Formula (7) can namely be interpreted in a 
different manner. Consider a group of m particles 
where each particle is within the reach of the 
potential energy of both neighbors (except the 
end particles which have only one neighbor) as a 
molecule of 2 atoms. Then we can consider the 
whole system according to the formulas which 
govern in statistical mechanics the chemical 
equilibrium between Z, atoms, Z; diatomic mole- 
cules, Z, n-atomic molecules, etc. 

We have 


(8) 


(9) 


N 
> 2Z,=N. 
1 


From (8) and (4) one finds 
=Z,"(et!*T =Z,(Z\x/N)"—. 


If we insert (10) in (9) we get, with the ab- 
breviation y’ =2Z,x/N, 


(10) 


1 


(11) 


This is replaced with sufficient accuracy® by 
y’/x(l—y’)? =1. (11’) 
Comparison of (11’) and (5) shows y=y’. The 


5 N. Fuchs, Zeits. f. physik. Chemie B21, 235 (1933). 

6 From (9) and (10) it follows that y’ increases with x. 
If x is very small, y’ is small, and the transition from (11) 
to (11’) is clear. If x is large, y’ is nearly 1, although for 
very large values of x (11’) does not give the very small 
value accurately. 
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pressure of the mixture of molecules of all sizes is 


with the help of (5), again neglecting y* in com- 
parison with (1). But this formula is identical 
with (7). The reason, therefore, why we do not 
get a break in the isotherm is as follows: with 
changing volume the relative numbers of each 
type of molecule (there are N such types) 
change in a continuous manner which smoothes 
out the curve. 


IV. CONDITIONS FOR THE EXISTENCE OF A 
CONDENSED PHASE 


To get a separate phase it is necessary to make 
the large aggregates more probable compared 
with molecules containing only a few atoms. 

To investigate that in more detail we can now 
make use of the usual dissociation formulae since 
their agreement with the exact calculation has 
been shown in the previous case. 

As the simplest assumption we will permit the 
existence only of aggregates having at least m 
atoms, besides free single particles. Let the equa- 
tions be’ 


N/x, 
Then 


NZn>m. 


and 
N\™ N 
Z+Ka(—) 
m 


or with the abbreviations K,,(N/x)""?=A 
Z,x/N=y. 


ny" =x 


or 


my" — (m—1)y"— 
(i-y 


=X. 


7 See also similar calculations by L. Michaelis, Biochem. 
Zeits. 103, 225 (1920). 


For small values of x, we have simply y=x, or 
Z,=N and that is true almost up to x= 1, as any 
appreciable deviation of y from 1 makes y"™ 
very small for large m. For example, for m = 1000 
1—x=0.02 still leaves y=x for A~1, as before. 
For large x, putting y=1—6, we have me~*"/é 
=x. The pressure equation is 


Again we have for small values of x the gas 


equation, for large values 
e~ Ne/RT 
(+7). 
Nro 


RT Vx 6 

which is practically independent of V as long as 

x<m or the volume larger than 1/m of the 

volume of the saturated vapor. 

The foregoing assumption which forbids the 
existence of molecules containing more than 1 
and less than m atoms is of course not realized in 
nature. The strong influence of the intermediate 
molecules in the model discussed in III is due to 
the fact that the right side of (8) is independent 
of m. That means thermodynamically that the 
change in free energy when an atom joins a mol- 
ecule already containing ” atoms is independent 
of n. To favor large molecules we must make the 
change larger for large ». This can be accom- 
plished either by a larger change in energy or a 
smaller change in entropy. 

In the model of III the change in energy is in- 
dependent of » because in a one dimensional 
system one has to break only one bond to free an 
atom whatever the size of the molecule to which 
it is attached. In two or more dimensions that is 
different. We know experimentally that con- 
densed phases exist in films in spite of the fact 
that if the molecules of these films vibrate around 
fixed points on the absorbing substance, the 
change of entropy is independent of n (see below). 
But in a two dimensional film the tearing loose of 
a molecule means the breaking of two bonds, if 
it is attached to a large mass, but only the break- 
ing of one bond in the case of a small molecule. 
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In three dimensions the difference is even greater. 
However, we have not yet succeeded in formu- 
lating this statement exactly. 

The changes in entropy are essentially deter- 
mined by the factor occurring in front of the e 
power in (8). In the model treated under III, the 
space available to the bound atom is 7» independ- 
ent of , the number of atoms in the molecule. 
The same is true if (asin Fuchs’ assumption) the 
vibrations are determined by the adsorbing sub- 
stance. If we assume, however, that the particles 
in the aggregate vibrate in respect to each other 
instead of in respect to a fixed point in space, we 
get even in the one dimensional case a larger 
entropy per atom for the larger aggregate, be- 
cause the average frequencies in a large aggregate 
are lower than in a small one. 

The frequencies of a molecule of 1 particles are 
given approximately by v=vo/s, 1<s<n-—1. 


Therefore, in the phase integral of the molecule 


there appears the factor® 


The dissociation formula takes the form 


ZiZn (=). 
—elk 


The essential thing is the ” in the denominator 


M. GOEPPERT-MAYER 


which arises from the fact that the frequency 

which disappears through the removal of one 

atom is inversely proportional to the size of the 

molecule. Therefore, with the abbreviation 

kT ) N 


Vo V 


x’ = 
27m 


x! n—-1 


N 


(9) takes the following form, with y’ = Z,x;’/N 


N 
La! y"=x’'. (9’) 
1 


Furthermore, the pressure equation 


PV/RT = = 


with the use of (9’). Now (9’) shows for x’«<N™ 
y=x, pV =NRT, ideal gas 


x’>e/N =x'/N}, 
Therefore pV/RT =e/x’ 


y’ =e/N. 


which is independent of V and is the correct 
vapor pressure equation for a one dimensional 
system. 


APPENDIX I 


One can easily interpret the integral (2). Consider an N-dimensional corner, formed by the positive 


axes (1, 


-¢y and limited by the plane which cuts the axis at ¢;= 


V(j=1---N). That is the domain 


of integration. The integrand is Ile~‘i/*”, where e; depends only on ¢;. Call 


e/kT =q>1, 


The integrand has then the following property: 


(11) 


It is =1, if all the ¢>70, that is to say in an inner N-dimensional pyramid of edge V—71p. 

It is a if one of the ¢ is smaller than 7» and all others larger than 7o, a? if two of the ¢ are smaller 
than ro and all others larger, etc., finally the integrand is a” in the cube of side 7. 

To give a better idea, consider a system containing only two particles. The configuration space is 
there two dimensional and has the form of a right-angle triangle, with sides = V. (Fig. 2.) It is 
divided into four parts: in A both and are than both particles are free, the 


integrand has the value 1(E=0). 


In B ¢; is smaller than 70, ¢2 larger than ro, that is particle 1 is frozen to the wall, 2 is free, e1=€; 
€2=0, the integrand is a. In C, {1>10, {2< 70, the particles 1 and 2 stick together (form a molecule) 


8 See, e.g., K. F. Herzfeld, Kinetische Theorie der Warme, Braunschweig (1925). 
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re] 


Vv 


Fic. 2. Configuration plane for two molecules. 


but are free from the wall, €: =0, e. =e, the integrand is again a. In D finally both ¢,; and {2 are smaller 
than 7o, particle 1 sticks to the wall, particle 2 sticks to particle 1, ¢:=«@=e, the integrand is a’. 

In general, it is evident that the integrand of (1) can only have the values a’, with /=0--- WN. 
Assume at first V>Nro. Then all values actually occur. The problem is equivalent to finding the 
volume of the phase space for which the integrand has the value a’, subject to the condition 


V. 


It is readily seen that this part of the phase space consists of (7) unconnected, equally large 
regions, namely the (7) possible combinations in which / coordinates are smaller, the others larger 
than 7o. It is therefore sufficient to find for each / the volume of the special region, A:, for which only 
the first 1 coordinates ¢ are smaller than 79. Then 


(7 (21) 


The volume A; is given by the integral 


Integration leads to 


A= “ae /(N—D) ny 


m=1 


and finally to 
l 
: 


In the case that V < Nr we can define N’ such that 
(51) 
It is evident then that because of the limitation }’{»=V no more than N—WN’ coordinates ¢» can 
be >r, at the same time, the integrand can only tule values a! with /=N—WN’ or 
Ai=0 for I<N-N’. (4al) 


For 1>N—N’ (31 and 3’1) are modified by the fact that the upper limit of the first / integrals is no 
more simply 7o, but has to be replaced (for the kth integral) by the smaller of the two numbers ro 
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or V—(N—R)ro— ktm. Then integration leads to 


1 
N! m=0 m 


If for V=Nry we define N’ as N=N,,’ (41) is contained in (4bl). 
Introducing the label \ for N—/+m, (4bI) reads 


Formally the sum runs only from N—/ to N’, but the factorial coefficient renders the lower terms 0. 
® is obtained by putting (61) and (4al) into (21). Exchanging the order of the summation we obtain 


Since N— N’ <) the second sum is simply the expression a (1—1/a)* and the final result is: 


1 


APPENDIX II 


For —e/kT >1, a>>1, one can write in (3) 


=a" 


Furthermore develop 


0 


and interchange the order of summation in respect to \ and j. Then (3) takes the form 


N N 


= 


(*)- i VN Nn N! roNa\? 
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Introduce the abbreviation x according to (4). The limits of x are x=0 for V=*; x=a>>1 for 
V=r,N. Consider first (A+B)! for A>B>1. We have according to Stirling’s formula 


In (A+B)!=(A+B)[In (A+B) —1]—In [27(A+B)]} 
=(A+B)[In A—1+1n (1+B/A)]—In [27(A +B) ]}. 


Up to and including terms in (B/A)*, we have In (1+.B/A) =B/A —B*/2A®. Therefore 
1B 
In (A+B)!=(A+B)[In A -) —In [27(A +B) }}. (211) 


Let us call jo the value of j that gives the largest term in (111), and &=(j—jo)/jo, 7 =jo(1+£). One 
can write then 


N 1 x 
In ((,) =In N!—In (jo+joé)!—2 In —jo—jo€ ]!+jo(1 +8) 


=In N!—jo(1+&)[In jo— 1] —jo€(1 +£/2) —2(N —Jjo—Joé) [In (N —jo) — 1]! 
+2joE(1 + j0€/(N —Jo)) +50(1+€) In (x/N) +3 In — jo)? Fo] 
N=—in)? N—j)? 
=In n —2N[In (N —jo) In 
Njo 
— (jo/2)#(1 +2j0/(N —jo) In [82°(N 
N Njo Njo 
— (Jo/2)8(N +jo)/(N —jo) +3 In [82°(N —jo)*jo]. (311) 


Njo 


_ The maximum occurs for «(N—jo)?/Njo=1, or if we call jo/N=y, 


(x/y)(1—y)?=1. (411) 
We have then 


= [82°(N — (SIT) 


( Ny i+y 
N! (1—y)?% 2 1-y 


Instead of taking the sum, one can write an integral, introducing «2 =(Ny/2)[(1+y)/(1—y) ]#. The 
limits, being given by j=0 and j= N or u= —[(Ny/2)(1+y)/(1—y)]! and u=[N(1—y*)/2y]}, can 


be replaced by — © and ©. Therefore 
VN 
$=47°N(1—y) (— 
MN! (1—y)?% 


and if we take the Nth root formula (6) is found. 
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The Carbon-Halogen Bond Energy and the Molecular Structure as Related to Halogen Alkyls 


The purpose of the work described here was to determine 
the modification of the characteristics of the bond between 
the carbon and halogen atom, that is, (1) the effect of the 
halogen substitution for another halogen atom or hydfogen 
atom, (2) the effect of a lengthening of the hydrocarbon 
chain, and (3) the effect of a branching of the hydrocarbon 
chain upon the carbon-halogen bond. 

In recent years a continuous absorption spectrum which 
corresponds to the immediate dissociation of the molecule 
into its constituents was investigated of a number (about 
50) of halogen alkyls' both in the liquid and in the vapor 
state in the ultraviolet region. The energy of dissociation 
of the carbon-halogen bond was, in each case, estimated 
from absorption edge. The data of results obtained are not 
so accurate as the absolute values, but they seem to have 
a definite physical meaning as relative values and to be of 
sufficient interest to warrant publication. Some remarkable 
facts revealed by the data obtained are briefly summarized 
as follows. 

(1) It is obvious, in any case of halogen alkyls, from the 
results of many sequences of compounds that the energy 
of the carbon-halogen bond increases rapidly from iodide 
to bromide to chloride, that is, with the decreasing of 
atomic weight. 

(2) The carbon-halogen bond energy decreases succes- 
sively as the hydrogen atom is substituted by the halogen 
atom in any case of halogen alkyls. So it has the maximum 
value for monohalogen compound as shown in Table I. 

(3) The carbon-halogen bond energy is modified more 
or less as the length of the hydrocarbon chain is varied. 
It seems that the bond energy increases on the whole as 
the length of the CHe group is increased as shown in 
Table II. 


TABLE I. TABLE IT. 


Diss. energy 
(kcal. /mol) 


96.4 
99.8 
101.6 
105.2 


Diss. energy 
(kcal. /mol) 


117.1 
121.3 
123.4 
124.5 


Molecules 


CH;Br 
C.H;Br 
n—C3H7Br 
n—CgHoBr 


Molecules 


CCl, 
CHCl; 
CH2Cl. 
CH;Cl 


(4) No regularity seems to be detected among the ener- 
gies of the carbon-halogen bond of normal, iso, secondary 
or tertiary compound of one halogen alkyl. 

In connection with the study of the absorption in the 
ultraviolet region, it may be also worth while to compare 
the preceding results with the investigations of the Raman 
spectra and the infrared absorption spectra of these ali- 
phatic organic compounds. According to Kohlrausch,’ 
Harkins and Bowers,’ the results of the investigation of 
the Raman spectra are in fairly good agreement with the 
preceding results obtained from the absorption spectra. 

Y. HukumorTo. 

The Physical Institute, 

Imperial University, 
Sendai, Japan, 
October 30, 1933. 


1'Y. Hukumoto, Sci. Rep. Tohoku 21, 906 (1932); 22, 
13 and 870 (1933), etc. 

2K. W. F. Kohlrausch, Der Smekal-Raman-Effekt (1932), 
146, 215, etc. 

3 W. D. Harkins and H. E. Bowers, Phys. Rev. 38, 1845 
(1928); J. Am. Chem. Soc. 53, 2425 (1931). 


Quantized Molecules Formed of Excited Mercury Atoms and Methane Molecules 


Oldenberg' has found that excited mercury and rare 
gas atoms will form complex structures due to polarization 
forces. Such molecules show diffuse bands on the long 
wave-length side of \=2537A. Methane molecule acts in 


this respect like a rare gas and we find similar bands when 
a mixture of methane gas (1 atm.) and mercury vapor 


1Q. Oldenberg, Zeits. f. Physik 47, 195 (1928). 
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(20°C) is illuminated by a Hg(Ne) discharge tube. The 
following bands occur in fluorescence: 


Band (2536.7) 1 2 3 4 
Center 
39421 39330 39268 39213 39152 


These diffuse bands are easily visible on the negatives, and 
the photomicrographs show them clearly. (See Fig. 1.) 


2536,.7_ 


Intensity 
2550.2 
2s4#6.6_ 
2542.6. 


< Wavelength 


Fic. 1. Diffuse bands in CHy—Hg mixtures 
near \=25306.7A. 
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These bands must be due to quantized states of a 
mercury complex with methane.2 They cannot be due to 
Raman scattering from methane for the CH bond would 
produce a vibrational Raman line 3000 cm from the 
exciting line and the rotational effect would be much closer 
to the exciting line (Ayp=10 cm~).’ Moreover the above 
bands are obtained in 30 minutes exposure. It has been 
shown that under the conditions of these experiments it is 
very unlikely that such bands are due to mercury mole- 
cules.! 

The details of this research will be discussed in a future 
publication. 

GEORGE GLOCKLER 
F. W. MARTIN 
University of Minnesota, 
Minneapolis, Minnesota, 
November 28, 1933. 


2H. Kuhn and O. Oldenberg, Phys. Rev. 41, 72 (1932). 
3R. G. Dickinson, R. T. Dillon and F. Rasetti, Phys. 
Rev. 34, 582 (1929). 


Raman Effect of Furane and Furfural 


The following lines (em~) were found with 4358A Hg 
line excitation using NaNO, filter:! Furane: 604, 735, 
857, 990, 1055, 1139, 1381, 1486 due to the furane ring and 
3165 due to the aromatic CH-bond. No line due to C=C 
is found. Furfural: 172, 497, 581, 929 and 1221 due to the 
alpha-substituted HOC group; 624, 758, 878, 1021, 1078, 
1156, 1378, 1467 due to the furane ring. We find the C=C 
bond in the molecule at 1567 and the C=O bond at 1677. 
The aliphatic C—H bond (in HC=O) occurs at 2881 and 
the aromatic CH bond at 3129. 

These results favor the centric formula for furane since 
no double bond is found. However, substitution has a 
great effect upon the structure of the ring itself. It is seen 


that alpha-substitution will cause the appearance of a 
double bond C=C within the ring. Similar findings have 
been reported by G. B. Monino (and co-workers?) in pyrrol. 
The complete details will be published later. 
GEORGE GLOCKLER 
B. WIENER 
University of Minnesota, 
Minneapolis, Minnesota, 
December 12, 1933. 


1A. H. Pfund, Phys. Rev. 42, 581 (1932). 
2G. B. Monino, et al., Zeits. f. physik. Chemie B22, 
21-44 (1933). 


The Decomposition of Complex Molecules at High Pressures 


The homogeneous thermal decomposition of gaseous 
paraldehyde to acetaldehyde has been investigated in this 
Laboratory from pressures of a few mm of Hg to about 18 
atmospheres.!;2 (Above this pressure the liquid phase 
makes its appearance at temperatures where the rate is 
measurable.) It is believed that no other ‘‘simple’’ first 
order reaction* has been studied over as wide a range of 
pressure and that therefore, the results will be of interest. 
It is found that the velocity of the reaction slowly 
diminishes as the initial pressure is increased, the rate 
constant at 254°, for example, falling from 6X10~ at 
several mm pressure to about 3X10~‘ at 18 atmospheres. 
This result has been checked by different experimental 


methods and is therefore believed to be real. The following 
mechanism is suggested as a possible explanation which 
may apply generally to the first order decomposition of 
complex molecules. 

If at an activating collision every possible energy dis- 


! Coffin, Can. J. Research 7, 75 (1932). 

2 Geddes and Coffin, Can. J. Research (In press). 

’The decomposition of ethyl ether investigated by 
Newitt and Vernon (Proc. Roy. Soc. A135, 307 (1932)) up 
to 17 atmospheres pressure is ‘“‘complex"’ in that it takes 
place by two different mechanisms each of which involves 
several intermediate steps. 
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tribution throughout the contributory degrees of freedom 
of a molecule is equally probable no effect of shortened 
mean free time (i.e., increased pressure) on reaction rate 
is to be expected since the particular distribution favorable 
to reaction is as probable as any other. If on the other 
hand the distributions most probable on collision are not 
coincident with those favorable to reaction a definite time 
interval must elapse between activation and decomposition 
due to the fact that different distributions follow one 
another at a finite rate. If such be the state of affairs there- 
fore, the longer any one activated molecule is left alone 
the greater is the probability that it will react; that is to 
say the shorter the time between collisions (i.e., before de- 
activation) the smaller the chance of reaction. In other 
words increase of pressure may be expected to retard the 
reaction to an extent which is dependent upon the effective- 
ness with which the “‘vital’’ degree of freedom is protected 
and which will vary inversely as a linear function of the 
pressure. 

This effect is to be expected particularly in the case of 
complex symmetrical molecules such as the paralde- 
hydes': *: 4 whose vital degrees of freedom lie well within 
the periphery presented by the rotating molecule to its 


THE EDITOR 


colliding neighbors. Unfortunately in no case is it yet 
possible to estimate the necessary minimum time interval 
between the receipt and expenditure of activation energy 
and to compare its order of magnitude with that of the 
mean free time. Times of atomic relaxation however are 
known to be of the order of 10~* sec.—an interval certainly 
longer than mean free times at pressures of one atmosphere 
or more—and vibrational excitation and its consequences 
might be expected to be more sluggish than electronic. 
Indeed the insulators suggested by O. K. Rice® (see 
also®: 7) will account for practically any time lag required. 
Other reactions are being examined for this effect. 
C. C. CorFin 
A. L. GeDpDEs 
Laboratory of Physical Chemistry, 
Dalhousie University, 
Halifax, Canada, 
December 12, 1933. 


4 Coffin, Can. J. Research (In press). 

5 Rice, Zeits. f. physik. Chemie B7, 226 (1930). 
6 Coffin, Can. J. Research 6, 417 (1932). 

7 Coffin, Trans. Roy. Soc. Can. 1933 (In press). 


The Equilibrium Between the Three Hydrogens 


While studying the dependence of the equilibrium of the 
hydrogen-iodine reaction on the isotopic composition of the 
hydrogen, it has been necessary to check the composition 
of the hydrogen by the mass-spectrographic method.? A 
sample of the hydrogen iodide used in this work was 
decomposed by allowing it to react at ordinary tempera- 
tures with mercury. Two other samples were the hydrogen 
produced by the decomposition of hydrogen iodide at 
397°C and at 468°C. In determining the deuterium- 
protium ratio, the relative abundances of the three 
varieties of hydrogen molecules, H2*, H'H? and H:! were 
determined, thus permitting a determination of the equi- 
librium constants for the reaction, 


The equilibrium constant of this reaction has been calcu- 

lated! and thus a check against theory can be secured. 
Three samples were analyzed, check determinations 

being made on each. The results are summarized in Table I. 


TABLE I. 


K K 
(obs.) (calc.) 


T Run 
25°C 1 1.00 

1.00 
397°C 


1 1.00 
2 1.00 
468°C 


H'H? 
20.8 


Sample 
5A 
5B 
6B 


1.00 
1.00 


The numbers given under the headings H,.*, H'H?, and 
H;! give the relative abundances of the three molecules. 
At the time 5B was analyzed, the apparatus was fluctuating 
rather badly. The cause was later traced to variations in 
the magnetic field. When this trouble was remedied, much 
more reliable results were secured for 6B. In each case the 
observed equilibrium constant agrees closely with the 
calculated values. These are secured by interpolation from 
the tables previously published. 

Samples 5B and 6B were prepared at the temperatures 
recorded in the table but remained in all glass containers 
at room temperatures for about twenty-one days before 
analysis. The fact that the equilibrium constants are those 
characteristic of the temperature of preparation shows 
that the exchange reaction does not take place rapidly, and 
thus that this reaction is similar to the exchange reaction 
between hydrogen and steam investigated by Crist and 
Dalin.? The time between preparation and analysis is not 
so long as that in the observations on liquid water and 
hydrogen by Oliphant,‘ and perhaps the method of analysis 
is not so sensitive. 


1H. C. Urey and D. Rittenberg, J. Chem. Phys. 1, 137 
(1933). 

2 W. Bleakney, Phys. Rev. 41, 32 (1932). H. S. Taylor, 
H. A. Gould and W. Bleakney, Phys. Rev. 43, 496 (1933). 

3R. H. Crist and G. A. Dalin, J. Chem. Phys. 1, 677 
(1933). 

4M. L. Oliphant, Nature 132, 675 (1933). 


| 
gi 
m 
tic 
ab 
mi 
= asi 
ap 
as 
ho 
We 
132 3.28 
21.2 137 3.28f %28 
139 46.0 4.20\ 32, 
12.6. 3.35 
q 1.91 3:8 
268 1.96 368} 382 
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Also, the agreement between experiment and theory 
gives reasons for confidence in the mass-spectrographic 
method of analysis. This method depends on two assump- 
tions. The first is the very reasonable one that the prob- 
ability of ionization is the same for all three hydrogen 
molecules and these results are in agreement with that 
assumption. The second is that the equilibrium is not 
appreciably disturbed by the process of analysis, an 
assumption which has been investigated and shown to 
hold for the high rate of flow through the apparatus which 
was used here. The pressure and electron velocity were, of 
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course, adjusted so that monatomic and triatomic ions 
were entirely negligible. 
D. RitTENBERG 
WALKER BLEAKNEY 
C. UREy 
Department of Chemistry, 
Columbia University, 
New York, N. Y., 
and Palmer Physical Laboratory, 
Princeton University, 
Princeton, N. J. 
December 15, 1933. 
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